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Abstract 
 
Phosphoribosyl-aminoimidazole-succinocarboxamide synthetase (SAICAR synthetase) 
catalyzes the eighth step of de novo IMP biosynthesis in bacteria, and the seventh step in humans.  
The SAICAR synthetase reaction is analogous to that of adenylosuccinate synthetase (first committed 
step of AMP biosynthesis), using ATP to ligate 5-amino-imidazole-4-carboxy ribonucleotide and L-
aspartate to produce 5-aminoimidazole-4(N-succinylcarboxamide) ribonucleotide (SAICAR).  
SAICAR synthetase and other enzymes of purine nucleotide biosynthesis are targets of natural 
products that impair cell growth.  Prior to these studies, the kinetic mechanism of any SAICAR 
synthetase was unknown.  Herein are reported the kinetic mechanisms of bacterial and human 
SAICAR synthetase activities, the structure of the bacterial enzyme from Escherichia coli, and 
substrate recognition properties of both the human and bacterial forms of the enzyme.  The human 
enzyme is bifunctional, combining 5-aminoimidazole ribonucleotide (AIR) carboxylase activity with 
SAICAR synthetase activity.  A determination of the kinetic mechanism of SAICAR synthetase 
requires the absence of AIR carboxylase activity.  A slow, tight-binding inhibitor (4-Nitro-5-
aminoimidazole ribonucleotide) and the mutation of a residue critical to catalysis independently 
eliminated interfering AIR carboxylase activity.  The kinetic mechanism of the SAICAR synthesis is 
the same for the two forms of AIR carboxylase-impaired enzyme, but differences in kinetic 
parameters demonstrate a linkage mechanism between the two types of active site in the human 
bifunctional enzyme.  Human SAICAR synthetase may impose a metering function that insures 
constant output of SAICAR over a ten-fold variation in the concentration of CAIR. 
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Chapter I. Introduction 
 
Phosphoribosyl-aminoimidazole-succinocarboxamide synthetase [EC 6.3.2.6, 5’-
phosphoribosyl-4carboxy-5-aminoimidazole: L-aspartate ligase (ADP)] (SAICAR synthetase), an 
essential enzyme in de novo purine biosynthesis, catalyzes the conversion of ATP, 5-aminoimidazole-
4-carboxy ribonucleotide (CAIR) and L-aspartate to 5-aminoimidazole-4(N-succinylcarboxamide) 
ribonucleotide (SAICAR), ADP and Pi.  In bacteria such as Escherichia coli, the conversion of 5-
aminoimidazole ribonucleotide (AIR) into SAICAR employs three single-function enzymes, PurK 
(AIR to N5-CAIR), PurE (N5-CAIR to CAIR), and PurC (CAIR to SAICAR)(1), whereas in 
vertebrates, a single enzyme catalyzes the transformation of AIR to SAICAR (2, 3).  The chemistry of 
the AIR to SAICAR transformation differs for vertebrate and bacterial systems, the latter using ATP 
and bicarbonate in the generation of N5-CAIR, whereas the vertebrate enzyme sequesters and uses 
carbon dioxide and AIR directly to make CAIR (4-9).  Fungi such as Candida albicans and 
Cryptococcus neoformans combine the PurK and PurE functions into a single protein, but retain a 
single-function enzyme, similar to that of E. coli enzyme, for the synthesis of SAICAR from CAIR  
(Figure 1).  This enzyme is the eighth step of DNPS in E. coli and the seventh in humans, and is also 
the last step in IMP biosynthesis that requires ATP. 
Enzymes of de novo purine nucleotide biosynthesis are targets in the treatment of cancer and 
infectious disease.  Many cancers have damaged salvage pathways for purine nucleotides because of 
methylthioadenosine phosphorylase (MTAP) deficiencies, and hence are more sensitive to the 
inhibition of de novo purine nucleotide biosynthesis than non-cancerous cells (roughly 30% of all T-
cell acute Lymphocytic Leukemia cases, for example) (12) (Figure 2).  More recently, blockage of 
purine metabolism in Candida albicans and Crypotcoccus neoformans attenuates virulence in 
invasive infections and meningoenciphilitis infections, respectively, of immune compromised rodent 
models, even though these organisms are capable of salvaging purines from the host (11, 13).  Hence, 
the study of SAICAR synthetase from E. coli and mammals pertains directly to development of drugs 
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and strategies in the treatment of cancers containing MTAP deficiencies, as well as treatments of 
immune compromised individuals dealing with opportunistic bacterial infections. 
Efforts to discover inhibitors or anti-metabolites of different steps of purine nucleotide 
biosynthesis have brought forth no inhibitors of SAICAR synthetase, but the synthetase does 
transform at least one substrate analogs into a potent inhibitor.  L-Alanosine, shows promise for 
treatment of certain types of leukemia and gliomas (12).  L-Alanosine and L-aspartate have 
indistinguishable kinetic parameters in reactions catalyzed by the E. coli synthetase; a property not 
observed for other systems (aspartate carbamoyltransferase or adenylosuccinate synthetase) that use 
L-aspartate as a substrate (14-16).  SAICAR synthetase in humans uses L-alanosine in place of L-
aspartate (albeit inefficiently), forming the SAICAR analog, 5-aminoimidazole-4(N-
alanosylcarboxamide) ribonucleotide, a potent inhibitor of adenylosuccinate synthetase and 
adenylosuccinate lyase (Figure 3).  Treatment with L-alanosine when supplemented with 
deoxyadenosine is toxic to only cancerous cells, thus allowing for the selective inhibition of cancer 
cell lines containing homozygous methylthioadenosine phosphorylase (MTAP) deficiencies, and 
making it a good candidate for use in combination with other drugs (12). 
Knowledge of the kinetic and chemical mechanisms of SAICAR synthetase as well as its 
structure would assist efforts to develop inhibitors.  A review of the literature reveals no publications 
on the kinetic or chemical mechanism of the either the bacterial or human enzyme, as well as scant 
information regarding kinetic parameters (9, 14, 17, 18).  Work on the E. coli system indicates 
identical kinetic mechanisms for SAICAR synthetase and adenylosuccinate synthetase, so the enzyme 
could adopt a similar chemical mechanism (Figure 4) (14).  For adenylosuccinate synthetase, IMP 
and GTP bind before L-aspartate in most turnovers (19).  The γ-phosphoryl group of GTP transfers to 
atom O-6 of IMP forming 6-phosphoryl IMP (6-PIMP).  The last step proceeds through a tetrahedral 
transition state resulting from nucleophilic attack of L-aspartate on atom C-6 of 6-PIMP, forming the 
products adenylosuccinate (SAMP) and Pi.  The above mechanism, first suggested by Leiberman (5), 
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is supported by data from positional isotope exchange (PIX), as well as by various x-ray structures 
with the trapped phosphoryl intermediate (20-23).  The mechanism is comparable to the proposed 
chemical mechanism for SAICAR synthetases in that CAIR and ATP play the roles of IMP and GTP, 
respectively (Figure 5) (14).  From a thermodynamic standpoint, the creation of an unstable acyl-
phosphate intermediate would heavily favor a nucleophilic attack of L-aspartate on the 4-carbonyl 
carbon of CAIR.  Although this mechanism is energetically favorable, it is not without caveat, 
differences exist between the kinetic parameters of SAICAR synthetase and adenylosuccinate 
synthetase (14).  Interaction parameters defined by Segel (24), are all positive for E. coli SAICAR 
synthetase, indicating binding antagonism between substrates (14).  The greatest antagonism is 
between CAIR and ATP, contrary to the situation for adenylosuccinate synthetase where binding 
synergism is observed between IMP and GTP (14, 19, 23).  CAIR/ATP antagonism, however, does 
not exclude the generation of a carbonyl phosphate of CAIR as an intermediate and may play a role in 
minimizing unproductive ATP hydrolysis when CAIR is present and L-aspartate is not. 
The structures of the two nucleotide complexes of E. coli SAICAR synthetase reveal a 
homodimer in the asymmetric unit with the subunits being virtually identical to each other (25).  
Observation of a immer in the asymmetric unit of the crystal is in good agreement with mass 
determinations from analytical ultracentrifugation, size exclusion chromatography and dynamic light 
scattering.  Three hydrated magnesium ions appear in the enzyme•CAIR•ADP complex; one 
interacting with the 4-carboxyl group of CAIR and atom N-3 of its imidazolium ring, a second 
interacting with terminal oxygen atoms of the β- and α-phosphoryl groups of ADP, and a third 
coordinating a formate anion and the 4-carboxyl group of CAIR (Figures 6 and 7).  The formate anion 
probably occupies the position of the phosphoryl group of the proposed carbonyl phosphate 
intermediate of CAIR (25).  A P-loop motif, characteristic of all ATP-grasp family proteins and 
observed in other published structures of synthetases, interacts with the phosphoryl groups of ADP 
(17, 25-27).  This doubly ligated structure may reflect a feedback inhibited state of E. coli SAICAR 
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hypothesized above.  In this state, cellular levels of ADP are high enough to block ATP binding and 
catalysis (Ki = 18μM).   
A comparison of the Cα backbone trace of E. coli SAICAR synthetase to the corresponding 
enzymes from TmSS and humans, reveals striking differences in the location of strand-β13 and helix-
α5 of E. coli enzyme (residues 204–221) relative to similar elements of secondary structure and 
TmSS.  Helix-α5 of TmSS extends outward into solution, increasing the solvent-exposed surface area 
of the protein by approximately 1000 Å2 (Figure 8) (25, 28).  The side chains of six hydrophobic 
residues are among those exposed to solvent in TmSS  (28).  Dynamic light scattering under different 
ligation conditions as well as mutagenisis data involving any of the conserved CAIR binding residues 
in this region confirms its mobility and its importance in binding CAIR.  Furthermore data illustrate 
CAIR’s importance in active site organization.  The 2′-hydroxyl group of CAIR binds to Arg215 of 
this conformationally divergent element of secondary structure.  That interaction appears to position 
the side chain of Arg215 for the productive recognition of L-aspartate which is confirmed from the 
structure with bound maleate and kinetic data presented here.  A similar role is played by the 2′-
hydroxyl group of IMP in the recognition of L-aspartate by adenylosuccinate synthetases (29).  This 
same CAIR/L-aspartate binding region in the unligated human structure is completely disordered (6). 
Kinetic studies of the ligated form of the chicken enzyme (86% identical to the human 
system) employed the reversible inhibitor 4-nitro-5-aminoimidazole ribonucleotide (NAIR, Ki=0.35 
nM) to block the AIR carboxylase function (8, 9, 30).  The resulting kinetic parameters for SAICAR 
synthetase activity of the NAIR-blocked chicken enzyme are similar to those of the E. coli enzyme (9, 
14).  Interestingly, recent work done by Gao has shown that when the residue that binds the 5′-
phosphoryl group of CAIR is changed by directed mutation to alanine (pig enzyme), thereby 
removing primary recognition of CAIR by the AIR carboxylase site, the Michaelis constant for CAIR 
falls 10-fold relative to that of the chicken enzyme (31).  Until recently, this was not understood, as 
there was no published structures of the bifunctional enzyme, and other studies found no evidence for 
 5
channeling (9).  With the recent discovery of a 70 Å tunnel linking the AIR carboxylase and SAICAR 
synthetase active sties in the human enzyme (6), differences in kinetic constants under different states 
of AIR carboxylase ligation may infer some type of linkage between the active sites of human 
homooctamer.  Yet until now, no one has actually investigated this linkage phenomenon within the 
same construct.  The Lys304→Ala human enzyme allows investigation of the SAICAR synthetase 
reaction in isolation when the AIR carboxylase site is empty, as evidenced by its inability to 
decarboxylate CAIR (31).  Because NAIR is a slow tight-binding inhibitor of AIR carboxylase 
activity, its use with the wild-type enzyme allowed investigation of the SAICAR function while the 
AIR carboxylase site is locked in its ligated state (9, 30).  Comparisons of the kinetic parameters from 
the human enzyme with the two types of AIR carboxylase impairment infer a linkage between the 
active sites.  Ligation of the AIR carboxylase half of the enzyme increases the Km for CAIR at the 
SAICAR synthetase reaction.  As a consequence, the Km for CAIR in the SAICAR synthetase 
reaction may decrease in concert with a decrease in the concentration of CAIR, insuring the same 
level of SAICAR synthetase activity in the face of large changes in the concentration of CAIR. 
Because there is only a minimal understanding of the structural or kinetic mechanism of 
bacterial or mammalian SAICAR synthetases it would be of interest to understand the kinetic and 
chemical mechanisms as well as substrate recognition to aid in drug design.  A comparative kinetic 
analysis of the bacterial and human systems present a starting point to use in designing molecules that 
could selectively turn over or inhibit each system, thereby creating drugs that would be good 
antibiotics or anticancer compounds. 
 
Thesis Organization 
This thesis contains five chapters.  Chapter I contains a literature review with some 
general information regarding the three steps involved in synthesis of AIR and SAICAR.  
Chapter II is a paper that has been published in “Biochemistry” which identifies the kinetic 
 6
mechanism of the E. coli SAICAR synthetase using initial velocity kinetics and dead end 
inhibitors.  Chapter III presents the structure of the E. coli enzyme with bound ligands and 
relates these findings to the proposed chemical mechanism.  Chapter IV includes structural 
data as well as mutagenesis and dynamic light scattering data to investigate the recognition of 
CAIR and L-aspartate.  Using the approach detailed in Chapter II, the kinetic mechanism of 
the SAICAR synthetase reaction of the human enzyme is investigated in Chapter V.  Because 
the literature shows that there is a difference in kinetic parameters of the NAIR-ligated and 
mutationally altered chicken and pig enzymes, respectively; we under took studies to identify 
the kinetic mechanism for human SAICAR synthetase activity in constructs lacking AIR 
carboxylase activity due to NAIR-ligation and directed mutation.  Such work demonstrated a 
functional linkage between the different active sites of the human enzyme.  General 
conclusions from Chapters II-V as well as future ideas for experiments with both human and 
E. coli SAICAR synthetases are presented in Chapter VI. 
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Figure 1. Purine pathway organization of steps from AIR to SAICAR in various organisms. 
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Figure 2. Relationship between de novo purine biosynthesis and purine salvage enzyme 
methylthioadenosine phosphorylase (MTAP). 
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Figure 3. De novo purine biosynthesis in relation to inclusion and targeting of L-alanosine and its 
metabolite, L-alanosyl-AICOR. 
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Figure 4. Kinetic mechanism of Adenylosuccinate Synthetase 
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Figure 5. Proposed mechanism of SAICAR synthetase. 
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Figure 6. Bound ADP with hydrated magnesium (25). 
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Figure 7. Bound CAIR with 2 magnesium ions (25). 
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Figure 6. Cα backbone trace of E. coli (black), T. immere subunit A (white), T. immere 
subunit B (grey) (25). 
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Chapter II.  Mechanism of action of Escherichia coli 
phosphoribosylaminoimidazolesuccinocarboxamide synthetase† 
 
A paper Published in Biochemistry 1 
 
Scott W. Nelson2,3, Daniel J. Binkowski2, Richard B. Honzatko, and Herbert J. Fromm4
 
Acknowledgment 
This paper is dedicated to the memory of Frederick B. Rudolph (1944-2003), who helped to formulate 
many of the kinetic protocols used in this study. 
 
Abstract 
 
The conversion of ATP, L-aspartate, and 5-aminoimidazole-4-carboxyribonucleotide (CAIR) 
to 5-aminoimidazole-4-(N-succinylcarboxamide) ribonucleotide (SAICAR), ADP, and phosphate by 
phosphoribosylaminoimidazolesuccinocarboxamide synthetase (SAICAR synthetase) represents the 
eighth step of de novo purine nucleotide biosynthesis. SAICAR synthetase and other enzymes of 
purine biosynthesis are targets of natural products that impair cell growth. Prior to this study, no 
kinetic mechanism was known for any SAICAR synthetase. Here, a rapid equilibrium random ter-ter 
kinetic mechanism is established for the synthetase from Escherichia coli by initial velocity kinetics 
and patterns of linear inhibition by IMP, adenosine 5’-(β,γ-imido)triphosphate (AMP-PNP), and 
maleate. Substrates exhibit mutual binding antagonism, with the strongest antagonism between CAIR 
and either ATP or L-aspartate. CAIR binds to the free enzyme up to 200-fold more tightly than to the 
ternary enzyme-ATP-aspartate complex, but the latter complex may be the dominant form of 
SAICAR synthetase in vivo. IMP is a competitive inhibitor with respect to CAIR, suggesting the 
possibility of a hydrogen bond interaction between the 4-carboxyl and 5-amino groups of enzyme-
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bound CAIR. Of several aspartate analogues tested (hadacidin, L-malate, succinate, fumarate, and 
maleate), maleate was by far the best inhibitor, competitive with respect to L-aspartate. Inhibition by 
IMP and maleate is consistent with a chemical mechanism for SAICAR synthetase that parallels that 
of adenylosuccinate synthetase.  
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SAICAR, 5-aminoimidazole-4-(N-succinylcarboxamide) ribonucleotide; AMP-PNP, adenosine 5’-(β,γ-imido) 
triphosphate; CAIRs, 5-aminoimidazole-4-carboxyribonucleoside; AICARs, 5-aminoimidazole-4-carboxamide 
ribonucleoside.  
 
 
Introduction 
Phosphoribosylaminoimidazolesuccinocarboxamide synthetase [EC 6.3.2.6, 5’-
phosphoribosyl-4-carboxy-5-aminoimidazole:L-aspartate ligase (ADP)] (SAICAR synthetase)1 
catalyzes the eighth step in de novo purine nucleotide biosynthesis: 
 
ATP + L-aspartate + 5-aminoimidazole-4-carboxyribonucleotide (CAIR) →  
5-aminoimidazole-4-(N-succinylcarboxamide) ribonucleotide (SAICAR) + ADP + Pi 
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Lukens and Buchanan (1) first described the enzyme in 1959, and in 1962, Miller and Buchanan (2) 
demonstrated its presence in a variety of life forms and reported the purification and properties of the 
synthetase from chicken liver. More recently, the Stubbe laboratory purified SAICAR synthetase 
from Escherichia coli (3).  
Our laboratory has investigated bacterial and mammalian adenylosuccinate synthetases 
(AMPSase) since 1958(4-7). The substrates for AMPSase and SAICAR synthetase are identical or 
similar: GTP, IMP, and ASP for AMPSase correspond to ATP, CAIR, and ASP for SAICAR 
synthetase. In addition, the two reaction products, SAICAR and adenylosuccinate, are each substrates 
for adenylosuccinate lyase. AMPSase and SAICAR synthetase from E. coli, however, exhibit only 
16% sequence identity. SAICAR synthetase from E. coli is a trimer (3) and from Saccharomyces 
cerevisiae a monomer (8), whereas all well-characterized AMPSases are functional immer (9-13). 
Mammalian SAICAR synthetase is a bifunctional enzyme, combining 5-aminoimidazole 
ribonucleotide carboxylase (AIR carboxylase) and SAICAR synthetase activities (2), whereas E. coli 
and S. cerevisiae SAICAR synthetases have no carboxylase activity.  
L-Alanosine can replace ASP as a substrate in vivo for SAICAR synthetase and in vitro for 
AMPSase (14-16). The product of the SAICAR synthetase reaction, L-alanosyl-5-amino-4-
imidazolecarboxylic acid ribonucleotide, is a potent inhibitor of AMPSase and adenylosuccinate 
lyase, being the compound responsible for L-alanosine toxicity (15). Many cancers (approximately 
30% of all T-cell acute lymphocytic leukemia, for instance) lack a salvage pathway for adenine 
nucleotides and rely entirely on adenylosuccinate synthetase and de novo biosynthesis (17). L-
Alanosine is toxic to cell lines of such cancers at concentrations well below those that poison cells 
with intact salvage pathways. Hence, L-alanosine may be effective as a chemotherapeutic agent in 
combination with other drugs (17). Efforts to further develop specific inhibitors of de novo purine 
biosynthesis would benefit from a basic understanding of structure-functions relations in enzymes 
participating in purine biosynthesis, and for SAICAR synthetase such information is lacking.  
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We have undertaken studies on E. coli SAICAR synthetase to determine whether further 
parallels exist between it and AMPSase with respect to substrate recognition and possible reaction 
mechanisms. Initial velocity kinetics of SAICAR synthetase, using competitive inhibitors of ATP, 
CAIR, and ASP, are consistent with a rapid equilibrium sequential mechanism, in which substrates 
add randomly to the active site, a kinetic mechanism comparable to that of AMPSase (18, 19). The 
efficacy of maleate (but not fumarate) as a competitive inhibitor of SAICAR synthetase with respect 
to ASP suggests a cis-like conformation from the amino acid substrate in its enzyme-bound state, and 
indeed, ligated crystal structures of AMPSase indicate a cis-like conformation for ASP (20). On the 
other hand, the absence of inhibition of SAICAR synthetase by hadacidin, and its potent inhibition of 
AMPSase, suggests fundamental differences in the recognition of the α-amino group of ASP by the 
two enzymes.  IMP is a competitive inhibitor of SAICAR synthetase with respect to CAIR, consistent 
with the formation of a purine-like hydrogen-bonded ring between the 4-carboxylate and 5-amino 
groups of CAIR. Finally, mechanisms of catalysis of AMPSase and SAICAR synthetase may exhibit 
significant parallels, such as the use of a single side chain as a catalytic base in the formation of the 
carbonyl phosphate intermediate. 
 
Experimental Procedures 
Materials. ATP, adenosine 5’-(β,γ-imido)triphosphate (AMP-PNP), IMP, ASP, L-malate, 
maleate, fumarate, NADH, phosphoenolpyruvate, pyruvate kinase, and lactate dehydrogenase were 
purchased from Sigma. 5-Aminoimidazole-4-carboxamide ribonucleoside (AICARs) was purchased 
from Toronto Research Biochemicals. L-Alanosine was obtained from the Drug Research and 
Development Branch, National Cancer Institute, Bethesda, MD. Ampli-Taq DNA polymerase was 
purchased from Midwest Scientific. Restriction enzymes were purchased from New England Biolabs. 
E. coli strains XL1-Blue and BL21(DE3) came from Stratagene and Invitrogen, respectively. 
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Hadacidin was a gift from Drs. Bruce Cooper and Fred Rudolph, Department of Biochemistry and 
Cell Biology, Rice University. 
PurC Cloning and SAICAR Synthetase Purification. Genomic DNA was isolated from E. coli 
strain XL1-Blue using the Promega genomic DNA purification kit. The open reading frame encoding 
SAICAR synthetase was PCR amplified using the following forward and reverse primers, 
respectively: 5’-GCTAGCATATGCAAAAGCAAGCTGAG-3’ and 5’-
CCGCTCGAGTCAGTCCAGCTGTACACC-3’. The underlined sequences indicate NdeI and XhoI 
restriction sites, respectively, which were used to clone the PCR product into the pet24b vector. The 
pet24b expression vector, containing wild-type PurC, was transformed into BL21(DE3) E. coli, and a 
single colony was used to inoculate a 100 mL overnight culture of Luria broth. Six liters of Luria 
broth in 12 flasks was inoculated with 5 mL of overnight culture each and grown to an absorbance of 
1.0 at 600 nm. The cells were then cooled to 16°C, induced with 0.25 mM IPTG, and allowed to grow 
an additional 16 h before being harvested by centrifugation. Purification of native SAICAR 
synthetase was performed as described by Meyer et al. (3).  
The conventional purification of SAICAR synthetase requires several steps and, in our hands 
at least, resulted in a protein with a tendency toward aggregation. As an alternative, we incorporated 
an N-terminal, hexahistidine tag and employed nickel nitrilotriacetic acid-agarose chromatography. 
The wild-type PurC gene was subcloned into the pet100/TOPO vector (Invitrogen) using the forward 
primer 5’-CACCTCAAATGAAGTTGAACAG-3’ and a reverse primer identical to that used in the 
pet24b cloning. Hexahistidine-tagged enzyme was expressed as described above for the native 
enzyme. The harvested cell pellet was suspended in 80 mL of 20 mM KPi, 500 mM NaCl, and 10 mM 
imidazole (pH 8.0) and lysed using a French press at 20000 psi. After centrifugation at 15000g for 45 
min, the cell-free extract was loaded onto a nickel nitrilotriacetic acid-agarose column and washed 
with 10 column volumes of lysis buffer. A second wash was performed with 10 column volumes of 
lysis buffer containing 40 mM imidazole. Lysis buffer containing 250 mM imidazole eluted SAICAR 
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synthetase from the column. Protein purity and concentration were confirmed by SDS-
polyacrylamide gel electrophoresis (21) and by Bradford assay (22), respectively.  
Synthesis of CAIR. 5-Aminoimidazole-4-carboxyribonucleoside (CAIRs) was synthesized 
from 5-aminoimidazole-4-carboxamide ribonucleoside (AICARs) under alkaline conditions as 
described by Srivastava et al. (23) with minor modifications as follows: 0.516 g of AICARs was 
purged with N2 gas for 10 min prior to addition of 2 mL of freshly prepared 6 M NaOH. The reaction 
mixture was refluxed gently for 4 h under N2 gas and then cooled to 0°C. Four milliliters of ethanol 
was added to the cooled mixture. The resulting thick syrup was triturated six times with 1 mL of 
ethanol and lyophilized overnight. The dry glassy solid from lyophilization was triturated once with 
0.5 mL of methanol and dried in a Speed-Vac. CAIRs was then resuspended in 500 mL of 5 mM 
NH4HCO3 and applied to a DEAE-Sephadex column equilibrated with 5 mM NH4HCO3. The column 
was washed with 10 volumes of 20 mM NH4HCO3 before eluting pure CAIRs with 150 mM 
NH4HCO3. The product was lyophilized to dryness overnight to remove volatile salts.  
CAIRs was phosphorylated to CAIR using the procedure described by Meyer et al. (3), which 
is a modification of the method of Yoskikawa et al. (24). CAIR was purified using a DEAE-Sephadex 
column with a linear gradient of 50-400 mM NH4HCO3. Phosphate content was determined using 
alkaline phosphatase to hydrolyze the phosphate from CAIR. The amount of released inorganic 
phosphate was determined by the ammonium molybdate assay (25). 
Size-Exclusion HPLC. Determination of the oligomeric state of hexahistidine-tagged 
SAICAR synthetase employed a Tsk-gel Super SW 3000 column from Tosoh Bioscience and an 
eluent buffer composed of 50 mM Hepes, pH 7.8, 200 mM KCl, 6 mM MgCl2, and 1 mM 
dithiothreitol (DTT). The following standard proteins were injected (total volume 0.1 mL) as a 
mixture in which each had a concentration of approximately 2 mg/mL: cytochrome c (12.4 kDa), 
bovine serum albumin (66 kDa), aldehyde dehydrogenase (150 kDa), and β-amylase (200 kDa). 
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SAICAR synthetase (2 mg/mL) was combined with the standard proteins, injected onto the column, 
and run under conditions identical to those of the standard proteins.  
Kinetic Experiments. All enzyme assays were carried out at 37 °C. Hydrolysis of ATP was 
monitored at 340 nm using pyruvate kinase and lactate dehydrogenase to couple the phosphorylation 
of ADP by phosphoenolpyruvate to the oxidation of NADH to NAD+. The buffer conditions used in 
the assay were as follows: 50 mM Hepes, 20 mM KCl, 6 mM MgCl2, 0.2 mM NADH, 2 mM 
phosphoenolpyruvate, 10 units of pyruvate kinase, and 5 units of lactate dehydrogenase, pH 7.8. 
Generally, 1μg of SAICAR synthetase was used in an assay volume of 1.0 mL. The validity of the 
coupled assay was affirmed by a linear relationship, starting at the origin, in plots of velocity versus 
enzyme concentration. Experiments without inhibitor held one of three substrates at a saturating 
concentration, while varying the concentrations of the other two substrates systematically about their 
respective Km values. Inhibition experiments held two of three substrate concentrations at twice their 
respective Km values, while varying the concentration of the third substrate. Concentrations of 
substrates in specific assays appear in the figure legends. Kinetic data were fitted using a MINITAB 
program with an α-value of 2.0 (26, 27). The most appropriate models of inhibition were selected on 
the basis of F-tests and “goodness of fit” analysis.  
 
Results 
PurC Cloning and SAICAR Synthetase Purification. Purification of the native enzyme 
requires three chromatographic steps and several days. The introduction of the hexahistidine tag to the 
N-terminus of SAICAR synthetase facilitates the purification of large quantities of active enzyme. 
Enzyme of at least 95% purity results directly from nickel nitrilotriacetic acid-agarose 
immereraphy as determined by SDS-polyacrylamide gel electrophoresis (data not shown).  
Synthesis of CAIR. We initially attempted the phosphorylation of CAIRs, using bovine liver 
adenosine kinase (28). Unfortunately, our preparation of partially purified adenosine kinase 
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efficiently phosphorylated adenosine and AICARs but not CAIRs (data not shown). Chemical 
phosphorylation of CAIR was complete and selective, giving a purified product with 1 mole equiv of 
phosphate (data not shown). The absorbance spectrum of CAIR was identical to that of Lukens and 
Buchanan (29). Purified CAIR supported SAICAR synthetase activity, and the product of that 
reaction behaved identically to SAICAR in anion-exchange and reverse-phase chromatography. The 
overall yield of CAIR from AICARs was approximately 5%.  
Size Exclusion HPLC Chromatography. Data from size exclusion chromatography (not 
shown) indicate a mass of approximately 87 kDa for hexahistidine-tagged SAICAR synthetase. The 
calculated subunit molecular mass of the hexahistidine-tagged enzyme (30.827 kDa) suggests a 
trimeric subunit assembly for the native protein. This finding agrees with data from analytical 
ultracentrifugation of the native enzyme (3) and indicates little or no disruption of the native structure 
due to the addition of the N-terminal hexahistidine tag.  
Enzymatic Properties. The Km values for CAIR, ASP, and ATP for native SAICAR 
synthetase are comparable to the corresponding values of Table 1 (Ka, Kb, and Kc) for the 
hexahistidine-tagged enzyme. The Km for CAIR is more than 5-fold lower than that reported by 
Meyer et al. (3). The reason for the difference is unclear; however, CAIR is unstable even when 
stored as a dry solid at -20 C, and this may account for the discrepancy in Km values. The Km for 
CAIR for yeast SAICAR synthetase (1.6 μM) is comparable to what we find for the E. coli enzyme 
(8). The Km for L-alanosine is 0.9 mM.  
Metal Ion Specificity of SAICAR Synthetase. Concentrations of Mg2+ (1-10 mM) and Mn2+ (1-
10 mM) have no significant effect on the capacity of the coupling assay to convert ADP into NAD+. 
Hence, the coupled assay reflects the kinetics of SAICAR synthetase over the range of concentrations 
of Mg2+ and Mn2+ used here. The maximum velocity for the Mn2+-activated enzyme is 50% of that for 
the Mg2+-activated enzyme. Using saturating substrate levels (5Km), optimal velocities occurred at 6 
and 7 mM Mg2+ and Mn2+, respectively. As Ca2+ did not support the activity of the coupling assay, the 
 25
formation of SAICAR was monitored directly by absorbance changes at 290 nm. Ca2+ did not support 
catalysis in the presence of saturating concentrations of substrate. Mg2+, Mn2+, and Ca2+ are all 
activators of AMPSase. Ca2+-activated AMPSase displayed a maximum rate of 15% relative to the 
Mg2+-catalyzed reaction, but the Km for ASP is several fold lower in Ca2+-catalyzed than in Mg2+-
catalyzed reactions (30).  
A plot of initial velocity against Mg2+ concentration at fixed levels of ATP, CAIR, and ASP indicates 
a metal concentration in excess of that necessary to put all of the ATP into a MgATP2- complex 
[formation constant of 73000 M-1 at pH 7.8 (31)]. SAICAR synthetase either requires a metal ion in 
addition to that associated with ATP or uses ATP in a conformation that lowers its affinity for Mg2+ 
relative to that of the free nucleotide. Similar observations have been made regarding the Mg2+ 
concentration for optimal AMPSase activity (30).  
Effect of pH on the SAICAR Synthetase Reaction. SAICAR synthetase at saturating levels of 
substrates exhibits optimal activity at pH 7.8 (data not shown). Over the pH range 7-8, the coupling 
system retained its ability to monitor ADP production from ATP.  
Kinetic Mechanism. Initial rate kinetic data were collected, holding one substrate at a 
saturating level while varying the concentrations of the other two substrates systematically relative to 
their respective Km values. Double reciprocal plots of initial velocity for 75 distinct conditions of 
assay (Figure 1) appear as families of intersecting lines. The convergence of lines in each of the plots 
of Figure 1 excludes a number of mechanisms. Ping-pong mechanisms in which one or two of the 
three substrates bind (randomly or ordered) and lead to a product that dissociates from the enzyme 
before the addition of the third substrate will exhibit at least one plot with a family of parallel lines. 
Even the steady-state rate equation for the ordered ter-ter mechanism requires one plot in Figure 1 to 
be a family of parallel lines. All of the plots in Figure 1, however, reveal families of lines that 
intersect in the third quadrant, a result consistent with only a sequential kinetic mechanism. Fits of 
ping-pong, ordered, or partially ordered rapid equilibrium models provide decidedly inferior results 
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and, in some cases, negative values for at least one parameter. The data of Figure 1, however, are 
consistent with the rate equation derived for the rapid equilibrium random sequential mechanism 
(Scheme 1): 
 
(1) Vmax/v = 1 + Ka/A + Kb/B + Kc/C + KaKbc/AB + KcKab/AC + KbKca/BC +KaKbcKic/ABC 
 
In the above, Vmax is the maximum velocity, Ka, Kb, Kc, Kbc, Kab, Kca, and Kic are dissociation 
constants, defined explicitly by reference to Scheme 1 and Table 1, and A, B, and C represent 
concentrations of CAIR, ATP, and ASP, respectively.  
Data for each of the panels in Figure 1 were acquired on separate days. Hence systematic 
errors, in particular variations in Vmax, are a concern in dealing with the analysis of data from Figure 
1. Equation 1, however, requires that all data be consistent with a single value for Vmax. Limiting 
forms of equation 1, which assume one substrate at a saturating concentration, allow different values 
for Vmax for each panel of data in Figure 1: 
 
(2a)  Vmax/v = 1 + Ka/A + Kb/B + KaKbc/AB 
(2b)  Vmax/v = 1 + Ka/A + Kc/C + KcKab/AC 
(2c)  Vmax/v = 1 + Kb/B + Kc/C KbKca/BC 
 
Goodness of fit values between calculated data (from equations 2a-c) and observed data (Figure 1) 
were below 4%. Equations 2a-c provide two independent determinations of the dissociation constants 
Ka, Kb, and Kc and three independent determinations of Vmax. These independent determinations are in 
reasonable agreement (Table 1). Values for Vmax (in units of nanomoles of product per minute) are 40 
± 3, 37 ± 2, and 35 ± 2 from equations 2a-c and Figure 1, respectively. Values for dissociation 
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constants, not explicitly represented in equations 2a-c, were determined from relationships listed in 
Table 1. 
Segel (32) defines a set of interaction parameters, α, β, and γ, which provide measures of binding 
antagonism/synergism between substrates B and C, A and C, and A and B, respectively. Values for 
interaction parameters between 0 and 1 reflect binding synergism, whereas numbers greater than 
unity indicate binding antagonism. The interaction parameters α, β, and γ are ratios of equilibrium 
constants indicated in Table 1.  Steady-state ordered and rapid equilibrium random mechanisms for 
two substrate systems are indistinguishable by data such as those in Figure 1. Rate equations derived 
by the assumption of steady-state kinetics for three-substrate systems are far more complex than for 
two substrate systems, and it is not clear in practice whether the data of Figure 1 can exclude all 
possible steady-state ordered mechanisms for three substrates.  As a means of verifying the rapid 
equilibrium random mechanism for SAICAR synthetase, data were obtained in the presence of dead-
end competitive inhibitors for ATP, CAIR, and ASP, using protocols developed by Fromm (33). 
Finding a set of appropriate competitive inhibitors, however, proved challenging. AMP-PNP was 
satisfactory as a competitive inhibitor with respect to ATP (Figure 2E). 5-Aminoimidazole 
ribonucleotide (AIR) exhibited potent inhibition of SAICAR synthetase, but its chemical instability 
resulted in data of unsatisfactory quality. Instead, inhibition by IMP was reproducible and competitive 
with respect to CAIR (Figure 2A). Succinate, fumarate, and malate did not inhibit SAICAR 
synthetase at concentrations as high as 30 mM, and hadacidin caused only 50% inhibition at 
concentrations of 30 mM. Inhibition by maleate, however, was reasonably potent and competitive 
with respect to ASP (Figure 2I).  
In the analysis of data in Figure 2, if an inhibitor I competes with A, then the following 
equilibria hold: 
 
E + I = EI, K1
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EI + B = EIB, K2
EIB + C = EIBC, K3
EI + C = EIC, K4
EIC + B = EIBC, K5
EB + I = EIB, K6
EIB + C = EIBC, K7
EC + I = EIC, K8
EBC+I = EIBC, K9 
The rate equation (equation 3) for such is 
E0/v = Ф0 + (Ф1/A)(1 + I/K9) + Ф2/B + Ф3/C +  
(Ф4/AC)(1 + I/K3) + (Ф5/AB)(1 + I/K6) + Ф6/BC + (Ф7/ABC)(1 + I/K1)  
E0 is the total concentration of enzyme, and parameters Ф 0-7, in Dalziel notation (34), are 
combinations of equilibrium constants defined in Scheme 1. The exact definitions of Ф 0-7, however, 
have no bearing on our analysis here. Under the conditions of assay, concentrations of two of three 
substrates are fixed at twice their values of Km. By fixing the concentration of two substrates, for 
instance, B and C, equation 3 reduces to the mathematical form of linear competitive inhibition for a 
single substrate system: 
 
(4a) E0/v = K’ + Ka’/A + Ka’/Kis’(I/A) 
 
By fixing concentrations of A and B and of A and C, equation 3 simplifies to equation 4b and 
equation 4c, respectively, both similar in form to linear noncompetitive inhibition for a single 
substrate system: 
 
(4b) E0/v = K’ + I/Kii’ + Kc’/C + Kc’/Kis’(I/C) 
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(4c) E0/v = K’ + I/Kii’ + Kb’/B + Kb’/Kis’(I/B) 
 
Hence, of the three plots for a specific inhibitor, one is competitive, but the other two are 
noncompetitive. Due to the symmetry of the random mechanism, inhibitors competitive with respect 
to B and C will result in analogous patterns of inhibition, i.e., a competitive inhibitor for B will 
exhibit noncompetitive inhibition patterns with respect to substrates A and C, and a competitive 
inhibitor for C will exhibit noncompetitive inhibition patterns with respect to substrates A and B. The 
inhibition patterns illustrated in Table 2 are unique to the rapid equilibrium random ter-ter 
mechanism.  
The protocol used here does not provide numerical values for the constants of inhibition K1-9. K’, Ka’, 
Kb’, Kc’, Kis’, and Kii’ in equations 4a-c are related to Ф 0-7, K1-9, and A, B, and C by relatively 
complex relationships. In equation 4a, for instance, Ka’/Kis’ = Ф 1/K9 + Ф 4/(CK8) + Ф 5/(BK6) + Ф 
7/(BCK1). Hence, the constants reported in Table 2 are apparent values. Kii’ is the apparent inhibition 
constant derived from the change in the intercept with increasing inhibitor concentration for a 
noncompetitive model, and Kis’ is the apparent inhibition constant derived from the change in slope 
with increasing inhibitor concentration of a noncompetitive or competitive model. The analysis here 
rigorously establishes whether the mechanism of inhibition is competitive or noncompetitive, thereby 
determining the mechanism of SAICAR synthetase.  
 
Discussion 
An examination of the literature reveals that very little information is available on the 
mechanism of action of SAICAR synthetase. Because of our long interest in AMPSase, dating from 
1958 (7), and the obvious similarity between the substrate specificities of the two enzymes, we chose 
to investigate SAICAR synthetase in detail. 
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The kinetic mechanism of SAICAR synthetase is sequential with the random addition of 
substrates. The observed mechanism is the same as that determined for E. coli AMPSase by 
comparable methods (18). Even though the two enzymes have a common kinetic mechanism, 
significant differences are evident. Data from equilibrium isotope exchange kinetics and electron 
paramagnetic resonance indicate strong synergism in the binding of IMP and GTP in bacterial and 
mammalian AMPSases (19, 35). The synergism probably reflects the formation of 6-phosphoryl-IMP, 
a reaction that occurs in the active site of AMPSase in the absence of ASP (35-37). In contrast, the 
interaction parameters (α, β, and γ) from the fit of equation 1 are positive, indicating the presence of 
substrate binding antagonism for SAICAR synthetase. The data here offer no evidence for a tightly 
bound phosphoryl intermediate but cannot exclude the formation of such an intermediate.  
The Kia value in Table 1 infers a tight interaction between CAIR and the free enzyme, but 
under in vivo conditions ATP and ASP may always saturate the active site as there is lesser binding 
antagonism between these substrates (α= 3.9) than for ATP and CAIR (γ= 15) and ASP and CAIR 
(β= 11). Hence, the Michaelis constant Ka, some 100-fold higher than Kia, may better represent the in 
vivo binding affinity of CAIR to SAICAR synthetase. If antagonism between CAIR and ATP is due 
to steric interactions involving the γ-phosphoryl group, then ADP could be a potent feedback inhibitor 
of SAICAR synthetase. Maintaining the enzyme as a ternary E·ATP·ASP complex in vivo may be the 
strategy by which SAICAR synthetase avoids feedback inhibition not only by ADP but by SAICAR 
as well.  
Succinate, L-malate, and fumarate, Krebs cycle intermediates, are present in E. coli at total 
concentrations (approximately 1 mM) comparable to that of ASP (38). Evidently, both AMPSase and 
SAICAR synthetase have evolved mechanisms which favor the selection of ASP over other relatively 
abundant dicarboxylic acids, as neither succinate, L-malate, nor fumarate inhibit SAICAR synthetase 
at concentrations of up to 30 mM, and of the above, only succinate is a weak inhibitor of AMPSase 
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(Ki ~ 1 mM) (6). L-Malate, a putative substrate of yeast SAICAR synthetase (16), is not a substrate 
for the E. coli enzyme.  
By definition, the substrate and inhibitor in competitive inhibition need only be mutually 
exclusive in their binding; however, if the substrate and inhibitor are similar in structure, it is 
reasonable to assume that both ligands compete for the active site. Inhibition of SAICAR synthetase 
by maleate, a property shared by AMPSase (6), infers a cis-like conformation for ASP in its enzyme-
bound state. Indeed, the succinyl moiety of adenylosuccinate adopts such a conformation in its 
crystallographic complexes with AMPSase (20). The requirement for a cis-like conformer 
presumably allows AMPSase and SAICAR synthetase to discriminate against fumarate.  
The mechanism by which SAICAR synthetase avoids inhibition by succinate and malate 
suggests a critical role for the -amino group in the recognition of ASP. The large value for the 
interaction parameter β(Table 1), for instance, infers significant binding antagonism between ASP 
and CAIR. The most probable source of that antagonism is a steric clash between the -amino group 
of ASP and the carbon atom of the 4-carboxyl group of CAIR. Succinate would avoid that steric clash 
and, as a consequence, should bind to the active site with higher affinity than ASP. Yet, succinate is 
not an inhibitor of SAICAR synthetase. This “succinate paradox” can be explained if the recognition 
of the -amino group of ASP is a prerequisite for the binding of its carboxyl groups. The absence of 
malate inhibition further suggests an absolute need for two hydrogen bonds involving the α-amino 
group, both of which are proton donors to the protein.  
The lack of inhibition of SAICAR synthetase by hadacidin (Figure 3) further underscores a 
fundamental difference in the recognition of ASP by SAICAR synthetase and AMPSase. For the 
latter enzyme, hadacidin is a potent inhibitor (Ki ~ 10-6 M), competitive with respect to ASP (39-41). 
The N-formyl group of hadacidin coordinates the active site Mg2+ in AMPSase, while its N-hydroxyl 
group hydrogen bonds with an essential aspartyl side chain (13, 35-37). The N-formyl and N-
hydroxyl groups of hadacidin together may support a more stable set of interactions than does the α-
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carboxyl group of ASP (3). Hadacidin, however, does not have a functional group analogous to the α-
amino group of ASP and, consistent with the hypothesis above, does not bind with high affinity to 
SAICAR synthetase. L-Alanosine, on the other hand, retains the -amino group and supports 
SAICAR synthetase activity with a Km nearly equal to that of ASP.  
As CAIR competes with IMP for the active site of SAICAR synthetase, its 4-carboxyl and the 
5-amino groups may form an intramolecular hydrogen bond and mimic the 6-atom ring of a purine 
nucleotide. Recognition of CAIR as a pseudopurine nucleotide suggests parallels between the 
chemical mechanism of AMPsase, well established by investigation (5, 11, 13, 35-37), and that of 
SAICAR synthetase (Figure 4). Proton abstraction by a catalytic base, phosphorylation of the 
resulting oxyanion, reprotonation of the phosphoryl intermediate to generate a carbocation, and the 
nucleophilic addition of ASP represent plausible steps in the chemical mechanisms of both enzymes.  
Regardless of similarities in the kinetic mechanisms of SAICAR synthetase and 
adenylosuccinate synthetase established here, and the suggested similarities in chemical mechanism, 
these two enzymes seem to have evolved different strategies for the recognition of a common 
substrate (ASP) and the extent to which they stabilize their respective carbonyl phosphate 
intermediates. Structural investigations should more precisely define protein-ligand interactions and 
provide the basis for experiments to test putative similarities in the chemical mechanisms of SAICAR 
synthetase and AMPSase.  
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Figure 1. Plots of reciprocal velocity versus reciprocal substrate concentration. Mg2+ and 
ATP were added in a ratio of 1:1 to a solution containing 50 mM Hepes, 20 mM KCl, 6 mM 
MgCl2, 0.2 mM NADH, 2 mM PEP, 10 units of pyruvate kinase, and 5 units of lactate 
dehydrogenase, pH 7.8. Lines come from equations 2a-c using the parameters of Table 1. (A) 
CAIR was varied from 0.75 to 15 μM at fixed ATP concentrations of 15 ( ), 30 ( ), 60 ( ), 
120 ( ), and 300 ( ) μM. The concentration of ASP was 10 mM in each assay. (B) CAIR was 
varied from 0.64 to 15 μM at fixed ASP concentrations of 250 (·), 500 ( ), 1000 ( ), 2000 (
), and 5000 ( )μM. The concentration of ATP was 500 M in each assay. (C) ASP was 
varied from 250 to 5000 μM at fixed ATP concentrations of 15 ( ), 30 ( ), 60 ( ), 120 ( ), 
and 300 ( ) μM. The concentration of CAIR was 20 μM in each assay. 
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Figure 2. Plots of reciprocal velocity versus reciprocal substrate concentration at different 
concentrations of inhibitor. Mg2+ and ATP were added in a 1:1 ratio. The buffer conditions were 50 
mM Hepes, 20 mM KCl, 6 mM MgCl2, 0.2 mM NADH, 2 mM PEP, 10 units of pyruvate kinase, and 5 
units of lactate dehydrogenase, pH 7.8. Lines come from equations 4a-c using the parameters in 
Table 2. (A) ATP and ASP were held constant at 72.6 μM and 2.24 mM, respectively. The inhibitor 
(IMP) levels were 0 ( ), 1 ( ), 2 ( ), 4 ( ), and 8 ( ) mM. (B) CAIR and ASP were held constant at 
16 μM and 2.24 mM, respectively. The inhibitor (IMP) levels were 0 ( ), 2.5 ( ), 5 ( ), and 10 ( ) 
mM. (C) ATP and CAIR were held constant at 72.6 and 16 μM, respectively. The inhibitor (IMP) 
concentrations were 0 ( ), 2.5 ( ), 4.5 ( ), and 9 ( ) mM. (D) ATP and ASP were held constant at 
72.6 μM and 2.24 mM, respectively. The inhibitor (AMP-PNP) concentrations were 0 ( ), 0.6 ( ), 1 
( ), and 2 ( ) mM. (E) CAIR and ASP were held constant at 16 μM and 2.24 mM, respectively. The 
inhibitor (AMP-PNP) concentrations were 0 ( ), 0.4 ( ), and 0.8 ( ) mM. (F) ATP and CAIR were 
held constant at 72.6 and 16 μM, respectively. The inhibitor (AMP-PNP) concentrations were 0 ( ), 
0.6 ( ), 1 ( ), and 1.5 ( ) mM. (G) ATP and ASP were held constant at 72.6 μM and 2.24 mM, 
respectively. The inhibitor (maleate) concentrations were 0 ( ), 2 ( ), 4 ( ), 8 ( ), and 16 ( ) mM. 
(H) CAIR and ASP were held constant at 16 μM and 2.24 mM, respectively. The inhibitor (maleate) 
concentrations were 0 ( ), 2 ( ), 4 ( ), 8 ( ), and 16 ( ) mM. (I) ATP and CAIR were held constant 
at 72.6 and 16 μM, respectively. The inhibitor (maleate) concentrations were 0 ( ), 2 ( ), 4 ( ), 8  
( ), and 16 ( ) mM. 
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Figure 3. Chemical structures of hadacidin and L-alanosine. 
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Figure 4. Parallels between proposed chemical mechanisms of AMPSase and SAICAR synthetase. 
(A) A putative catalytic base abstracts a proton from the 5-amino group of CAIR in SAICAR 
synthetase, enhancing the nucleophilic properties of the oxygen that attacks the γ-phosphoryl group 
of ATP (top). The catalytic base, Asp13 in E. coli AMPSase, abstracts the proton from the N-1 
position of IMP, generating the 6-oxyanion that attacks the γ-phosphoryl group of GTP (bottom). 
Reprotonation of atom N-5 of CAIR (top) and atom N-1 of IMP (bottom) localizes positive charge on 
C-4 of CAIR and C-6 of IMP, respectively. (B) Nucleophilic attack by the α-amino group of ASP 
results in tetrahedral transition states (SAICAR synthetase, top; AMPsase, bottom) and the formation 
of product bound to the active site in a high-energy conformation. Products relax into minimum 
energy conformers in the bulk solution. 
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Abstract 
Phosphoribosylaminoimidazole-succinocarboxamide synthetase (SAICAR synthetase) 
converts 4-carboxy-5-aminoimidazole ribonucleotide (CAIR) to 4-(N-succinylcarboxamide)-5-
aminoimidazole ribonucleotide (SAICAR). The enzyme is a target of natural products that impair cell 
growth. Reported here are the crystal structures of the ADP and the ADP·CAIR complexes of 
SAICAR synthetase from Escherichia coli, the latter being the first instance of a CAIR-ligated 
SAICAR synthetase. ADP and CAIR bind to the active site in association with three Mg2+, two of 
which coordinate the same oxygen atom of the 4-carboxyl group of CAIR; whereas, the third 
coordinates the α- and β-phosphoryl groups of ADP. The ADP·CAIR complex is the basis for a 
transition state model of a phosphoryl transfer reaction involving CAIR and ATP, but also supports an 
alternative chemical pathway in which the nucleophilic attack of L-aspartate precedes the phosphoryl 
transfer reaction. The polypeptide fold for residues 204–221 of the E. coli structure differs 
significantly from those of the ligand-free SAICAR synthetase from Thermatoga immere and the 
adenine nucleotide complexes of the synthetase from Saccharomyces cerevisiae. Conformational 
differences between the E. coli, T. immere, and yeast synthetases suggest the possibility of 
selective inhibition of de novo purine nucleotide biosynthesis in microbial organisms. 
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Introduction 
Phosphoribosylaminoimidazole-succinocarboxamide synthetase (EC 6.3.2.6 [EC] , 5’-
phosphoribosyl-4-carboxy-5-aminoimidazole:L-aspartate ligase (ADP)) (SAICAR synthetase)4 
catalyzes the eighth step in bacterial de novo purine nucleotide biosynthesis, ATP + L-aspartate + 
CAIR ADP + Pi + SAICAR. Lukens and Buchanan (1) first described the enzyme in 1959. In 1962 
Miller and Buchanan (2) demonstrated its presence in a variety of life forms and reported the 
purification and properties of the synthetase from chicken liver. More recently, the Stubbe laboratory 
(3) purified SAICAR synthetase from Escherichia coli. The E. coli enzyme exhibits a rapid 
equilibrium random kinetic mechanism (4). SAICAR synthetase from Saccharomyces cerevisiae is a 
monomer (5–8) and that from Thermatoga immere a immer (9). Comparable enzymes from 
vertebrates have masses in excess of 330 kDa and possess 6–8 identical subunits of 47 kDa (10, 11). 
The vertebrate systems are bifunctional, combining 5-aminoimidazole ribonucleotide carboxylase 
(AIR carboxylase) and SAICAR synthetase activities (10–12). 
L-Alanosine can replace L-aspartate as a substrate both in vitro and in vivo for SAICAR 
synthetase (4, 13, 14). The product of the SAICAR synthetase reaction, L-alanosyl-5-amino-4-
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imidazolecarboxylic acid ribonucleotide, is a potent inhibitor of adenylosuccinate synthetase and 
adenylosuccinate lyase, being the compound responsible for L-alanosine toxicity (13). Many cancers 
( 30% of all T-cell acute lymphocytic leukemia, for instance) lack a salvage pathway for adenine 
nucleotides and rely entirely on de novo biosynthesis (15). L-Alanosine is toxic to cell lines of such 
cancers at concentrations well below those that poison cells with intact salvage pathways. Hence, L-
alanosine may be effective as a chemotherapeutic agent in combination with other drugs (15). 
Differences in subunit size, function, and assembly of microbial and vertebrate SAICAR 
synthetases suggest the potential for selective inhibition of SAICAR synthetases and, hence, the 
possibility of new antibiotics. Efforts to further develop specific inhibitors of microbial SAICAR 
synthetases would benefit from a basic understanding of structure-function relations; however, for 
SAICAR synthetase such information is lacking. To this end, we report the structures of the ADP and 
ADP·CAIR complexes of E. coli SAICAR synthetase (hereafter, eSS). The latter complex is the first 
structure of a CAIR-bound SAICAR synthetase and reveals a previously unsuspected requirement for 
Mg2+ in the recognition of CAIR by the synthetase. The CAIR·ADP complex is consistent with a 
chemical mechanism composed of two partial reactions, a phosphoryl transfer from ATP and a 
nucleophilic attack by L-aspartate, but the relative order of the two reactions is unclear. Moreover, the 
conformation of eSS differs significantly from that of ligand-free SAICAR synthetase from T. 
immere in the region of the CAIR binding site, suggesting the possibility of substrate-induced 
conformational changes in microbial synthetases. 
 
 
Experimental procedures 
 
Materials—ATP, L-aspartate, NADH, phosphoenolpyruvate, pyruvate kinase, and lactate 
dehydrogenase were purchased from Sigma. CAIR was synthesized as described previously (4). E. 
coli strain BL21(DE3) came from Invitrogen. 
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Enzyme Preparation—Selenomethionine substitution in eSS employed the inhibition of 
methionine biosynthesis coupled with selenomethionine supplementation (16). BL21(DE3) cells were 
transformed with a pET 28b vector containing the eSS insert with an N-terminal His6 tag (4). All 
bacterial cultures contained 30 µg/ml kanamycin sulfate (Invitrogen). An overnight culture was 
prepared in LB media (Sigma), and the cells were isolated by centrifugation (1500 x g for 10 min). 
The pellet was re-suspended in 24 ml of M9 media, supplemented with 1 mM MgSO4, 0.3 mM 
FeSO4, and 0.5 µM thiamin. Four ml of inoculant culture was added to each flask containing 650 ml 
of supplemented M9 media. The flasks were shaken at 37 °C to an A600 of 0.8. The temperature was 
adjusted to 16 °C, and 35 mg each of L-leucine, L-isoleucine, and L-valine, and 65 mg each of L-
phenylalanine, L-lysine, and L-threonine were added as solids to each flask. After shaking for 20 min, 
2 ml of a 20 mg/ml solution of L-selenomethionine was added to each flask. Isopropyl -D-
thiogalactopyranoside was added to a final concentration of 0.5 mM after an additional 15 min of 
agitation. Cells were isolated after 18 h by centrifugation (1500 x g, 10 min), re-suspended in 10 mM 
KPi (pH 7.0), centrifuged again, and finally re-suspended in 100 ml of lysis buffer containing 50 mM 
KPi, 300 mM NaCl, and 10 mM imidazole (pH 8.0). Cells were disrupted by sonication in the 
presence of 0.25 mg/ml lysozyme, 50 µg/ml Dnase I, 1 ml of 100 mM phenylmethanesulfonyl 
fluoride in isopropyl alcohol, and 5 µg/ml leupeptin. The lysate was centrifuged (33,000 x g, 1 h) and 
the supernatant fluid loaded onto 25 ml of nickel-nitrilotriacetic acid-agarose (Novagen), pre-
equilibrated in lysis buffer. The column was washed sequentially with 2 column volumes each of lysis 
buffer, lysis buffer containing 20 mM imidazole, and lysis buffer containing 40 mM imidazole. eSS 
was subsequently eluted from the column with lysis buffer containing 250 mM imidazole. 
Immediately upon elution, dithiothreitol and EDTA were added to the fractions to final concentrations 
of 5 and 10 mM, respectively. Fractions were pooled and dialyzed overnight in buffer containing 15 
mM Tris·HCl, 25 mM KCl, 5 mM MgCl2, 5 mM dithiothreitol, and 5 mM EDTA (pH 8.0). Native 
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protein was prepared using an identical protocol, except cell growth and expression was done in LB 
media without amino acid supplements. 
Protein concentration was determined by the method of Bradford (17) using bovine serum 
albumin as a standard. Protein purity was confirmed by SDS-PAGE (18). Mass determinations of 
purified protein were done by the Iowa State University core facility using an Applied Biosystems 
Voyager System 6075 matrix-assisted laser desorption/ionization time-of-flight mass spectrometer. 
The specific activity of eSS was determined using previously described assay conditions (4). The 
dependence of velocity on the concentration of Mg2+ was investigated using saturating substrate 
concentrations (300 µM ATP, 65 µM CAIR, and 7.5 mM L-aspartate), with concentrations of free 
Mg2+ ranging from 90 to 7000 µM. 
Crystallization—Crystals were grown by the method of hanging-drop vapor diffusion in 
VDX plates (Hampton Research). Two µl of protein solution (15 mg/ml protein, 15 mM Tris·HCl, 25 
mM KCl, 55 mM MgCl2, 50 mM ADP, 5 mM dithiothreitol, and 5 mM EDTA, pH 8.0) were mixed 
with 2 µl of well solution (3.4–3.8 M sodium formate and 50 mM Tris·HCl, pH 8.5) and allowed to 
equilibrate against 0.5 ml of well solution. Crystallization experiments for the ADP complex and 
CAIR·ADP complex employed selenomethionine-substituted and native proteins, respectively. 
Data Collection—For the ADP complex, crystals were transferred to a cryoprotectant 
solution containing 4 M sodium formate, 50 mM Tris·HCl (pH 8.5), 25 mM MgCl2, 25 mM ADP, and 
10% (w/v) sucrose. This buffer was supplemented with 1 mM CAIR and 10 mM L-aspartate for the 
CAIR·ADP complex. After 30 s of equilibration, crystals were plunged into liquid nitrogen. 
For the ADP complex, MAD data were collected on Beamline 4.2.2 of the Advanced Light Source, 
Lawrence Berkley Laboratory. Complete anomalous sets were taken at wavelengths of peak 
absorbance, the inflection point, and remote from the absorption edge of selenium. Data were indexed, 
integrated, scaled, and merged using d*trek (19). Intensities were converted to structure factors using 
the CCP4 (20) program TRUNCATE. 
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Data from the CAIR·ADP complex were collected at Iowa State University from a single 
crystal (temperature, 115 K) on a Rigaku R-AXIS IV++ rotating anode/image plate system using 
CuKα radiation from an Osmic confocal optics system. Data were processed and reduced using the 
program package CrystalClear provided with the instrument. Intensities were converted to structure 
factors using the CCP4 program TRUNCATE. 
Structure Determination and Refinement—Structure determination for the selenomethionine-
replaced protein was accomplished using the SOLVE/RESOLVE software package (21, 22). Electron 
density was modeled as polyalanine by RESOLVE, followed by manual fitting using XTALVIEW 
(23). Refinement was performed against the structure factors from the remote wavelength using CNS 
(24). Non-crystallographic restraints were not used during refinement. Refinement began with a cycle 
of simulated annealing (starting temperature of 3500 K) with slow cooling in increments of 25 K to a 
final temperature of 300 K, followed by 100 steps of conjugate gradient energy minimization. 
Subsequent cycles had lower initial starting temperatures (as low as 500 K). Individual thermal 
parameters were refined after each cycle of simulated annealing and subject to the following 
restraints: bonded main chain atoms, 1.5 Å2; angle main chain atoms, 2.0 Å2; bonded side chain 
atoms, 2.0 Å2; and angle side chain atoms, 2.5 Å2. Water molecules were automatically added using 
CNS if a peak greater than 3.0 was present in Fourier maps with coefficients (Fobs – Fcalc)eiαcalc. 
Refined water sites were eliminated if they were further than 3.2 Å from a hydrogen-bonding partner 
or if their thermal parameters exceeded 50 Å2. The contribution of the bulk solvent to structure factors 
was determined using the default parameters of CNS. Constants of force and geometry for the protein 
came from Engh and Huber (25) and those for ADP from CNS resource files with appropriate 
modification of dihedral angles of the ribosyl moiety to maintain a 2’-endo ring conformation. 
For the native CAIR·ADP complex, molecular replacement was performed using AMORE 
with the ADP complex as the starting model. Refinement was performed as for the ADP complex. 
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Routines in the CCP4 suite of programs were used in the calculation of surface areas and in the 
superposition of structures. 
 
Results 
Protein Preparation, Data Collection, and Structure Determination—Selenium-modified and 
native eSS were pure on the basis of SDS-PAGE. The specific activity of the selenomethionine-
substituted protein was 15 ± 1 units/mg, comparable with that of the native protein (4). Mass 
spectrometry of native and selenomethionine-substituted proteins indicated 8.5 (relative to a 
maximum of 10) selenium atoms per monomer. SOLVE initially located 17 selenium sites, generating 
a phase set with a figure-of-merit of 0.37. Iterations of density modification by RESOLVE increased 
the figure-of-merit to 0.67. Statistics of data collection and refinement are in Tables 1 and 2. 
Overview of eSS Structure (Protein Data Bank Identifiers 2GQR and 2GQS)—An eSS 
homodimer occupies the crystallographic asymmetric unit. The subunits of the immer are virtually 
identical with a superposition of all C  atoms yielding a root mean square deviation of 0.34 Å for both 
nucleotide complexes. No electron density is present for the polyhistidyl tag. Observable electron 
density begins with Met1 and continues to the C terminus (Asp237). Electron density is weak only for 
residues 35–39 of the ADP complex but strong for the same segment in the ADP·CAIR complex. 
Domain 1 of the eSS fold (Fig. 1) consists of a β-sheet (strands β1-β3, β6, and β7) with its 
inter-strand connections (helix 1 and an anti-parallel loop β4–β5). Domain 2 consists of a β-sheet 
(strands β8–β13) and associated helices α2–α6. The β-sheet of domain 1 curls (like the fingers of a 
right hand relative to its palm) over domain 2, creating a cleft, half of which is filled by ADP-Mg2+ 
and the other half by CAIR. The subunits come together with 2-fold symmetry forming a immer 
that buries 2400 Å2 of surface at the interface. 
The major structural difference between the ADP and ADP·CAIR complexes is the 
aforementioned levels of electron density associated with residues 35–39. Superposition of all C  
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carbons of subunit A from the ADP and ADP·CAIR complexes gives a root mean square difference of 
0.18 Å and a maximum displacement of 0.67 Å. The former value is comparable with the coordinate 
uncertainty of 0.25 Å determined by the CCP4 program SFCHECK. The high level of agreement 
occurs despite the difference in ligation, and infers selenomethionine substitution in the ADP complex 
causes little perturbation to the structure. The largest Cβ displacements (0.7 Å) are in the loop 
(residues 124–130) that coordinates metal ions associated with CAIR and for residues in the vicinity 
of the 5’-phosphoryl group of CAIR. The conformation of the adenine nucleotide and its interactions 
with the protein are identical (within coordinate uncertainty) in the ADP and ADP·CAIR complexes. 
Comparison of eSS to tSS—eSS (237 residues) and tSS (PDB identifier 1KUT, 230 residues) 
share 39% sequence identity. tSS, like eSS, is a immer (Fig. 1). C  atoms of the eSS and tSS 
subunits superimpose with a root mean square deviation of 1.2 Å, using the sequence alignment of 
Fig. 2; however, the polypeptide fold associated with segment 204–221 of eSS, which includes strand 
13 and helix 5, differs strikingly from that of tSS (Figs. 1 and 3). The alternative fold of tSS 
exposes six hydrophobic residues and increases the solvent-accessible surface area of each subunit by 
1000 Å2 (from 1220 Å2 in eSS to 2200 Å2 in tSS). 
Unlike the alternative fold of tSS, the eSS fold has an extensive network of hydrogen bonds. 
Interacting residues fall in two clusters: Asp202, Arg231, and Thr205 and Arg39, Asp175, Arg199, Asp210, 
Lys211, Asp212, Arg213, and Arg215. The latter more extensive cluster apparently anchors helix 5 with 
respect to domains 1 and 2, while positioning hydrophilic side chains in the active site cleft of eSS. In 
contrast, helix 5 in tSS is displaced relative to that of eSS (Fig. 3), taking residues corresponding to 
Arg199, Lys211, and Arg215 away from the active site. Most of the residues in segment 204–221 of eSS 
are conserved among microbial SAICAR synthetases; for instance, Asp175, Arg199, Asp210, Lys211, 
Asp212, and Arg215 are conserved and present in tSS. 
Comparison of eSS to ySS—SAICAR synthetase from S. cerevisae (ySS) has 69 more amino 
acids than eSS, appearing primarily as insertions before residues 1, 77, 105, and 221 of the E. coli 
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synthetase (Figs. 1 and 2). Neglecting insertions, eSS and ySS are 27% identical in sequence, and 
superimpose with a root mean square deviation of 3.3 Å. The first and second sequence insertions 
come together in ySS (PDB identifiers 1OBD, 1OBG, and 1A48), where they define a putative 
binding site for AMP. (AMP appears in good electron density only at a lattice contact in 1OBG. 
Hence, the functional significance of the first two insertions in the ySS sequence remains unclear.) 
The third insertion occurs at the subunit interface of the eSS immer and probably blocks the 
dimerization of ySS subunits. The fourth insertion extends the helix corresponding to 5 of eSS and 
the connecting segments at the N- and C-terminal ends of that helix. The fourth segment replaces 
residues 204–221 in eSS but, nonetheless, retains a functional active site. 
Adenine Nucleotide Interactions—ADP-Mg2+ binds to eSS in an anti-conformation (Fig. 4). 
Val15, Leu24, Leu26, and Val81 are in contact with one side of the adenine base, whereas Met86 packs 
against the other. Atom N-1 of ADP binds to the backbone amide group of Leu84, and atom N-6 binds 
to the backbone carbonyl group of Lys82 and the side chain of Gln69 (Table 3). No side chain 
interaction between atom N-6 and the protein was reported for ySS (PDB identifiers 1OBG and 
1OBD); however, His72 of the ySS structurally corresponds to Gln69 of eSS and is in a position to 
interact with the adenine nucleotide. This position is conserved as glutamine or histidine in microbial 
systems. 
The ribosyl moiety is C2’-endo, as observed for the adenine nucleotides in ySS structures. 
Atom O-2’ of the ribose binds to Glu179, corresponding to an equivalent interaction with Glu219 in ySS. 
The polyphosphoryl group of the adenine nucleotide interacts with strands 1 and 2, which together 
constitute a P-loop motif (26, 27). The -phosphoryl group interacts with backbone amide groups of 
Lys11, Ala12, and Lys13, with atom NZ of Lys13, and with Mg2+ (hereafter, Mg2+ site 1). The -
phosphoryl group interacts with the backbone amide group and side chain of Lys11, the amino group 
of Lys123, and Mg2+ site 1. Four water molecules complete the octahedral coordination sphere of the 
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Mg2+ site 1 (Table 4). Lys13, Glu179, Lys177, and Asp191 form additional hydrogen bonds with the 
hydrated magnesium.  
Although adenine nucleotides in ySS and eSS are in proximity to corresponding residues, 
significant differences are evident. Structural superpositions using the -sheet of domain 2 reveal 
displacements in domain 1 by as much as 4 Å, with the eSS structure being more tightly closed about 
its adenine nucleotide relative to the ySS structures. In 1OBD of ySS (ATP-Mg2+ introduced by 
soaking), a lattice neighbor hydrogen bonds with the P-loop and is in proximity to bound ATP-Mg2+. 
In 1OBG (ATP-Mg2+ introduced by co-crystallization), the intrusive lattice contact is gone, but the 
active site has AMP and a sulfate anion. The -phosphoryl group of ADP-Mg2+ in eSS, a sulfate anion 
in 1OBG, and a water molecule in 1OBD occupy corresponding sites; whereas, the -phosphoryl 
group of ADP-Mg2+ in eSS and the -phosphoryl group of ATP-Mg2+ in 1OBD occupy equivalent 
sites. 
Interactions of CAIR—The CAIR molecule and its two associated Mg2+ atoms are covered by strong 
electron density (Fig. 5). The 5’-phosphoryl group of CAIR interacts with the side chains of Arg94, 
Ser100, and Arg199 as well as the backbone amide group of Ser100. These interactions resemble those of 
the sulfate anion in ySS. The phosphoryl group is near the N-terminal end of helix α2, a structural 
element often observed in the binding of phosphoryl groups (28). Hydrogen bonds between the 5’-
phosphoryl group of CAIR and the protein involve only two of its terminal oxygen atoms; the third 
hydrogen bonds with a water molecule that in turn interacts with a hydrated Mg2+ associated with 
CAIR (hereafter, Mg2+ site 2). 
The ribosyl moiety of CAIR is C2’-endo. Its 3’-hydroxyl group hydrogen bonds with Asp175 and its 
2’-hydroxyl group interacts with Arg215 and the backbone carbonyl of Asp196. 
The base moiety of CAIR interacts extensively with the active site by way of octahedrally 
coordinated Mg2+ at sites 2 and 3 (Fig. 6). The side chain of Glu90 bridges between the two metal sites, 
as do single oxygen atoms from the 4-carboxyl group of CAIR and the carboxyl side chain of Asp129. 
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Atom N-3 of CAIR coordinates to Mg2+ site 2, whereas a formate molecule bridges Mg2+ sites 1 and 
3. Water molecules occupy all other coordination positions of the metals. 
Water molecules associated with metals at sites 2 and 3 hydrogen bond with Asp36 and 
Asp125. In fact, the appearance of strong electron density for residues 35–39 in the ADP·CAIR 
complex may be due to interactions of Asp36 with one water molecule in each of the inner 
coordination spheres of the metals (Fig. 7). Asp36 is in a loop that probably binds L-aspartate. The 
interactions of Asp36 appear in concert with several new hydrogen bonds between the backbone 
elements of Gly35, Gly37, Ala38, and Arg39 and the side chain of Ser33. 
The Mg2+ requirement observed here for substrate recognition is consistent with findings from 
kinetics. Plots of reciprocal velocity versus 1/[Mg2+] and 1/[Mg2+]2 are nonlinear; however, the plot of 
reciprocal velocity versus 1/[Mg2+]3 is linear with a regression R value of 0.99 (data not shown). 
 
Discussion 
Nucleotide complexes presented here are probably the closest representations of a productive 
substrate-enzyme complex for a SAICAR synthetase to date. The number of direct hydrogen bonds 
between ADP-Mg2+ and protein in the eSS structure (a total of 12) exceeds that for the ySS structures 
(8 for 1OBD and 7 for 1OBG). Additional nucleotide-protein interactions correlate with the more 
closed active site in the eSS relative to ySS. Moreover, lattice contacts in 1OBD of ySS could prevent 
the relaxation of its P-loop in the presence of ATP-Mg2+, and sulfate could well interfere with the 
recognition of the adenine nucleotide in all complexes of ySS. The recognition of the adenine 
nucleotide as observed in eSS may facilitate the binding of CAIR. The ADP·CAIR complex provides 
the first instance of an enzyme-bound CAIR molecule covered by strong electron density. 
The reaction catalyzed by SAICAR synthetase could resemble that of adenylosuccinate 
synthetase, an enzyme involved in the first committed step in de novo AMP biosynthesis (29–31). 
Adenylosuccinate synthetase putatively transfers the -phosphoryl group of GTP to atom O-6 of IMP. 
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The -amino group of L-aspartate then attacks the resulting phosphoryl intermediate (6-phosphoryl-
IMP), forming adenylosuccinate. 6-Phosphoryl-IMP appears in crystal structures of adenylosuccinate 
synthetases from several sources (32–34). Kinetic experiments using positional isotope exchange (35) 
and isotope exchange at equilibrium (36) support this mechanism; however, no experiment has proven 
that 6-phosphoryl-IMP lies on the reaction pathway. Markham and Reed (37) have suggested an 
alternative mechanism in which L-aspartate first reacts with IMP. The resulting intermediate has a 
nucleophilic 6-oxyanion that attacks the -phosphoryl group of GTP, forming a tetrahedral 
intermediate identical to that created by the reaction of L-aspartate with 6-phosphoryl-IMP. 
The two mechanisms as they pertain to the SAICAR synthetase reaction appear in Fig. 8. 
Unlike adenylosuccinate synthetase, no information is available regarding the intermediate generated 
in the active site of SAICAR synthetase. The electron withdrawing effects of Mg2+ sites 2 and 3 
should enhance the electrophilic properties of the carbon atom of the 4-carboxyl group. Conceivably 
then, L-aspartate could react with CAIR and form a dioxyanion intermediate, which in turn is 
phosphorylated by ATP. L-Aspartate, however, is present in the crystallization experiment, and yet no 
electron density appears for L-aspartate or the L-aspartate adduct of CAIR, suggesting the 
phosphorylation step precedes the nucleophilic attack of L-aspartate. 
The ADP·CAIR structure is a reasonable starting point for modeling the transition state in the 
formation of a carbonyl phosphate intermediate (Fig. 9). The bridging oxygen atom between the - 
and γ-phosphoryl groups of ATP coordinates the Mg2+ at site 1 and is in line with the proximal 
oxygen atom of the 4-carboxyl group of CAIR. Terminal oxygen atoms of the γ-phosphoryl group of 
ATP hydrogen bond with Lys11, Lys123, Lys177, and metal ions at sites 1 and 3. The reaction 
coordinate is the movement of the γ-phosphorus atom of ATP through the plane defined by its 
terminal oxygen atoms. 
Nelson et al. (4) suggested a catalytic abstraction of a proton from the 5-amino group of 
CAIR analogous to the abstraction of a proton from atom N-1 of IMP by an aspartyl side chain in 
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adenylosuccinate synthetase (31, 38). No protein side chain of eSS, however, interacts or could be in a 
position to interact with the 5-amino group of CAIR. Furthermore, 4-carboxyimidazole ribonucleotide 
(CAIR without the 5-amino group) is a substrate for yeast SAICAR synthetase (14), again supporting 
the absence of an essential role for the 5-amino group of CAIR. 
Other observations, however, caution against the complete dismissal of the 5-amino group of 
CAIR in the chemical mechanism. The 5-amino group of enzyme-bound CAIR is in a cluster of water 
molecules and probably has an environment similar to that of CAIR in solution. Even in solution, the 
5-imino form of CAIR may be dominant. NMR resonances of atom H-4 and atom C-4 of AIR (CAIR 
without a carboxyl group) come at unusually high field strengths, consistent with the imino form (39). 
Slow chemical exchange of atom H-4 of AIR with solvent deuterium further supports the imino form 
(39). Enhanced charge density at atom C-4 would retard spontaneous decarboxylation of CAIR. 
Indeed, transition metals decrease decarboxylation rates probably by stabilizing the imino form of 
CAIR (40, 41).  Hence, Mg2+ sites 2 and 3 could stabilize the imino form as a means of protecting 
CAIR from spontaneous decarboxylation. The imino form of CAIR, as suggested by Nelson et al. (4), 
would also increase the dianionic form of the 4-carboxyl group and thereby enhance its nucleophilic 
properties. 
Another mechanism by which the 5-amino group of CAIR could participate in the SAICAR 
synthetase reaction is by hydrogen bonding with L-aspartate. In this respect, differences in the active 
sites of the E. coli and yeast SAICAR synthetases are possible as malate is a substrate for the yeast 
(14) but not the E. coli enzyme (4). 
The different folds for tSS and eSS present an intriguing issue. Does the solvent-exposed fold 
of tSS represent a functionally relevant state of microbial SAICAR synthetases? Side chain atoms in 
the eSS ADP complex move no further than 0.8 Å upon CAIR binding; whereas, in tSS they are up to 
14 Å away from comparable positions. T. immere is a thermophile, and elevated temperatures 
generally enhance hydrophobic and weaken electrostatic interactions. High temperatures, then, would 
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increase the thermodynamic penalty associated with a fold that exposes hydrophobic residues (as 
observed in the tSS crystal structure) as well as reduce the importance of hydrogen bonds that 
evidently stabilize the eSS fold but are lacking in tSS. These factors might shift tSS toward an eSS-
like fold at high temperatures but favor the observed tSS fold at low temperatures. Unfortunately, the 
specific activity for tSS at any temperature has not been reported (9). 
The tSS structure could also represent a ligand-free conformation shared by most, if not all, 
microbial SAICAR synthetases. Adenine nucleotide binding could organize the active site; but once 
organized, the enzyme would be metastable, returning to its less compact conformation on a time 
scale slow in comparison to catalytic events. The kinetic mechanism is rapid equilibrium random (4), 
but progress curves under specific conditions exhibit a significant lag phase.5 The lag is consistent 
with a slow conformational transition from a catalytically nonfunctional to a functional state. 
Vertebrate SAICAR synthetases differ fundamentally from their bacterial homologs in 
subunit organization (multimeric systems of perhaps eight subunits) and function (the vertebrate 
subunit combines SAICAR synthetase and AIR carboxylase activities). Hence, the alternative folding 
phenomenon observed here for microbial systems may only be a remote possibility for vertebrate 
systems. Stabilization of this putative nonfunctional state of the bacterial system may be an effective 
strategy in the development of agents that selectively inhibit de novo purine biosynthesis in bacteria. 
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Figure 1.  Structures of SAICAR synthetases. Left, the active site of eSS is a deep cleft that extends 
without interruption between subunits of the immer. Bold lines and filled circles represent bound 
ADP-Mg2+ and CAIR-Mg2+. Center, the relative position and orientation of helix 5 of tSS (dark 
gray) differs significantly from that of helix 5 of eSS. Right, four sequence inserts (dark gray) 
described under “Results” are mapped onto the ySS monomer. Parts of this figure were drawn with 
MOLSCRIPT (42). 
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Figure 2.  Sequence alignment based on structure. Superpositions of SAICAR synthetase from yeast 
(ySS), T. immere (tSS), and E. coli (eSS) determine corresponding residues. The relationship 
between elements of sequence and secondary structure (α-helices as cylinders and β-strands as 
arrows) of eSS appear immediately below its sequence. 
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Figure 3.  Variation in the folds of eSS and tSS. The superposition of subunits A and B of tSS onto 
eSS using the β-sheet of domain 2 reveals significant variations between subunit A (white) and 
subunit B (gray) of tSS, as well as an even larger conformational difference between each of the tSS 
subunits and subunit A of eSS (black). Subunit B of eSS (not shown) is virtually identical in 
conformation to subunit A. Parts of this figure were drawn with MOLSCRIPT (42). 
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Figure 4.  Enzyme-bound ADP. Left and center, stereoview of ADP in which the dotted lines 
represent donor-acceptor interactions. The filled circle represents Mg2+, and open circles are water 
molecules coordinated to the metal. Parts of this figure were drawn with MOLSCRIPT (42). Right, 
omit electron density covering the hydrated ADP-Mg2+ molecule bound at the active site of eSS. The 
contour level is at 1 with a cutoff radius of 1 Å. Mg2+ is the filled circle and water molecules are 
crosses. Dotted lines indicate coordinate bonds to the metal. Parts of this figure were drawn with 
XTALVIEW (23). 
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Figure 5.  Enzyme-bound CAIR. Left and center, stereoview of CAIR in which dotted lines represent 
donor-acceptor interactions. Asp212 is shown but not labeled. Parts of this figure were drawn with 
MOLSCRIPT (42). Right, omit electron density (contour level of 1 with a cutoff radius of 1 Å) 
covering formate, hydrated Mg2+ and CAIR. Filled circles are Mg2+, and crosses are water 
molecules. Parts of this figure were drawn with XTALVIEW (23). 
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Figure 6.  Stereoview of metal sites in the ADP·CAIR complex. Mg2+ and water molecules are filled 
and open circles, respectively. Coordination bonds are dashed lines. The adenine base is omitted for 
clarity. Parts of this figure were drawn with MOLSCRIPT (42). 
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Figure 7.  Stereoview of loop 32–40 of the ADP·CAIR complex. Side chains have been omitted 
except for Ser33 and Asp36. Mg2+ are black spheres and water molecules are open spheres. Donor-
acceptor distances are dotted lines. Parts of this figure were drawn with MOLSCRIPT (42). 
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Figure 8.  Alternative pathways for the chemical transformation catalyzed by SAICAR synthetase. 
RibP represents the 5’-phosphoribosyl group. See text for details. 
 
 
 
 
 
Figure 9.  Model transition state for the phosphoryl transfer from ATP. See text for details. 
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Abstract  
Phosphoribosyl-aminoimidazole-succinocarboxamide synthetase [EC 6.3.2.6, 5′-
phosphoribosyl-4-carboxy-5-aminoimidazole: L-aspartate ligase (ADP)] (hereafter, SAICAR 
synthetase) uses L-aspartate in forming an intermediate of de novo purine nucleotide biosynthesis.  
Proposed here is the following: the binding of 5-aminoimidazole-4-carboxy ribonucleotide (CAIR) 
causes a conformational change that facilitates the recognition of L-aspartate.  Arg94, Ser100, 
Asp175, Arg199 and Arg215 of the synthetase from Escherichia coli form direct hydrogen bonds 
with the substrate (CAIR).  Individual mutations of these residues to alanine cause up to 95- and 32-
fold increases in the Km values for CAIR and L-aspartate, respectively.  The mutation of Arg215 to 
alanine causes more than a 100-fold increase in the Km for L-aspartate, but has no effect on the Km of 
CAIR or ATP.  Dynamic light scattering measurements indicate a decrease in the radius of gyration 
of the enzyme in response to the binding of ADP and CAIR, consistent with conformational 
differences in crystal structures that implicate a CAIR-induced organization of SAICAR synthetase, 
in which the 2′-hydroxyl group of CAIR brings the side chain of Arg215 into its active site.  Arg215 
presumably is critical to the productive recognition of L-aspartate, as it interacts directly with a 
competitive inhibitor of L-aspartate in the crystal structure of an ADP•CAIR•maleate complex, 
presented here.  A similar interaction is critical to the recognition of L-aspartate by adenylosuccinate 
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synthetase, and may represent the convergent evolution of different primordial proteins toward a 
common mechanism. 
________________________ 
 
Abbreviations and Footnotes: 5-aminoimidazole-4(N-succinylcarboxamide) ribonucleotide, 
SAICAR; 5-aminoimidazole-4-carboxy ribonucleotide, CAIR; 5-aminoimidazole-4-carboxamide-β-
D-ribofuranoside, AICARs; 5(N-carboxy)aminoimidazole ribonucleotide, N5-CAIR;Escherichia coli 
SAICAR synthetase, eSS, Thermatoga maritima SAICAR synthetase, tSS; Saccharomyces cerevisiae 
SAICAR synthetase, ySS. 
 
Introduction 
Phosphoribosylaminoimidazolesuccinocarboxamide synthetase (SAICAR synthetase), an essential 
enzyme in de novo purine biosynthesis, catalyzes the conversion of ATP, 5-aminoimidazole-4-
carboxy ribonucleotide (CAIR) and L-aspartate into 5-aminoimidazole-4(N-succinylcarboxamide) 
ribonucleotide (SAICAR), ADP and Pi.  In bacteria such as Escherichia coli, the conversion of 5-
aminoimidazole ribonucleotide (AIR) into SAICAR employs three single-function enzymes, PurK 
(AIR to N5-CAIR), PurE (N5-CAIR to CAIR), and PurC (CAIR to SAICAR) (1), whereas in 
vertebrates, a single enzyme catalyzes the transformation of AIR to SAICAR (2-5).  The chemistry of 
the AIR to SAICAR transformation differs for vertebrate and bacterial systems, the latter using ATP 
and bicarbonate in the generation of N5-CAIR (5-7), whereas the vertebrate enzyme uses carbon 
dioxide and AIR directly to make CAIR.  Fungi such as Candida albicans and Cryptococcus 
neoformans combine the PurK and PurE functions into a single protein, but retain a single-function 
enzyme similar to that of E. coli for the synthesis of SAICAR from CAIR (8, 9). 
Enzymes of de novo purine nucleotide biosynthesis are targets in the treatment of cancer and 
infectious disease.  Many cancers, for instance, have damaged salvage pathways for purine 
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nucleotides, and hence are more sensitive to the inhibition of de novo purine nucleotide biosynthesis 
than non-cancerous cells (10).  Blockage of purine metabolism in Candida albicans and 
Crypotcoccus neoformans attenuates meningoenciphilis infections in immune compromised rodent 
models, even though these organisms are capable of salvaging purines from the host (11, 12).  
Similarly, mutant Brucella that carry a PurE gene knockout exhibit diminished virulence, even though 
these bacteria are capable of salvaging nutrients from their host.  Such mutants have been used in 
vaccines for humans and animals (13). 
L-Alanosine therapy shows promise for certain types of leukemia and gliomas (10).  SAICAR 
synthetase in humans uses L-alanosine in place of L-aspartate, forming the SAICAR analog, 5-
aminoimidazole-4(N-alanosylcarboxamide) ribonucleotide, a potent inhibitor of adenylosuccinate 
synthetase and adenylosuccinate lyase (14, 15).  L-Alanosine is toxic to both cancerous and normal 
cells , but supplemental doses of deoxyadenosine ameliorates L-alanosine toxicity toward normal cells 
(15), allowing for the selective inhibition of cancer cell lines with homozygous deficiencies in 
methylthioadenosine phosphorylase (10). 
L-Alanosine has potential as a drug largely due to the mechanism by which SAICAR 
synthetase recognizes L-aspartate as a substrate and incorporates it into the pathway.  L-Alanosine, for 
instance, is a poor substrate for adenylosuccinate synthetase and aspartate carbamoyltransferase (16, 
17), and yet is indistinguishable from L-aspartate in supporting SAICAR synthetase activity in E. coli 
(18).  Little is known, however, regarding the mechanism of L-aspartate recognition for any SAICAR 
synthetase.  Recent structures of E. coli SAICAR synthetase in complexes with ADP and ADP/CAIR 
infer a role for CAIR in the mechanism of L-aspartate recognition.  Proposed here is a mechanism in 
which the binding of CAIR brings a residue (Arg215) critical to the recognition of L-aspartate into the 
active site of the E. coli synthetase.  The proposed mechanism is similar to that employed by 
adenylosuccinate synthetase in which IMP localizes an argininyl side, critical to the recognition of L-
aspartate. 
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Experimental Procedures 
Materials— L-Aspartate, ATP, NADH, phosphoenolpyruvate, pyruvate kinase and lactate 
dehydrogenase came from Sigma, and 5-aminoimidazole-4-carboxamide-β-D-ribofuranoside 
(AICARs) from Toronto Research Chemicals.  All other chemicals were of reagent grade. 
Synthesis of CAIRs— AICARs (250mg) was saponified for 4 hours in 6 M NaOH (4 mL) as 
described by Srivastava et al. (19) subject to modifications (18).  To the reaction mixture (under 
nitrogen at 0° C) 4 mL of pure ethanol was added via syringe to avoid oxygen contamination, then 
mixed vigorously.  Upon separation, the syrupy bottom phase was transferred by pipette to 10 mL of 
pure ethanol in a dry 250 mL lyophilizer flask, and mixed with a magnetic stir-bar.  The ethanol layer 
was discarded and the remaining syrup triturated with 10 mL ethanol three times.  The resulting hard, 
light purple, glassy residue was triturated then with 1–2 mL of methanol, yielding a whitish purple 
colloid.  Lyophilization provided a light purple hydroscopic residue, which was then purified by 
DEAE chromatography, pH 8.0, using a buffer of triethylammonium bicarbonate instead of 
ammonium bicarbonate (18).  CAIRs was collected and lyophilized as described previously (18). 
Synthesis of CAIR— 100 mg of purified CAIRs was phosphorylated by the procedure of 
Yoshikawa et al. (20) as modified by Meyer et al. (1).  After lyophilization, CAIR was dissolved in 
10 mM CHES, pH 8.5, to prevent decarboxylation (5), and stored at –80º C.  The concentration of 
CAIR was determined by its quantitative conversion into NAD using SAICAR synthetase and the 
coupling enzymes pyruvate kinase and lactate dehydrogenase, and by chemical assays described 
previously (18).  Both procedures indicated concentrations of CAIR within 3%. 
Construction of mutant SAICAR synthetases— Residues Asp175, Arg199, Arg94, Ser100, 
and Arg215, were mutated to alanine using primers 5’-GGTCTGATTCTGGTCGCGTT 
CAAGCTGG-3′, 5′-CGGACGGTAGCGCCCTGTGGGACAAAGAAACG-3′, 5′-GGTT 
GAGTGTGTCGTGGCGAACCGTGCTGCTGG-3′, 5′-CCGTGCTGCTGGCGCTCTGG 
TGAAACGTC-3′, 5′-GGACAAAGACCGTTTCGCGCAGAGCCTCGGTGGCCTGA 
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TCG-3′, respectively, where the bold typeface indicates altered codons.  All constructs were 
confirmed by sequencing the entire insert.  Synthesis of primers and sequencing of plasmids were 
done by Iowa State University DNA Synthesis and Sequencing Facility. 
Purification of E. coli SAICAR Synthetase— SAICAR synthetase was cloned from genomic 
DNA and then subcloned into a pet28B vector with an N-terminal hexahistadyl tag (18).  E. coli strain 
BL21 (DE3) (Invitrogen) was transformed with vectors containing wild-type or mutant enzymes.  
Single colonies from each transformation were used as inoculants of overnight cultures of Luria broth 
containing 30 μg/mL kanamycin sulfate (Gibco).  Each of 12 flasks containing 500 mL of Luria broth 
was inoculated with 5 mL of overnight culture and then grown with shaking to an A600 of 1.0.  Cell 
cultures were cooled to 16° C, induced with 0.25 mM isopropyl-β-D-thiogalactopyranoside (IPTG), 
and allowed to grow an additional 16 hours before harvesting by centrifugation. 
Harvested cell pellets were suspended in 80 ml of 20 mM KPi, 500 mM NaCl, 10 mM 
imidazole, pH 8.0, and lysed using a French press at 20,000 psi.  After centrifugation at 15,000xg for 
45 minutes, the cell-free extract was loaded onto a Ni-nitrilotriacetic acid-agarose column and washed 
with 10 column volumes of lysis buffer (18).  A second wash was performed with 10 column volumes 
of lysis buffer containing 40 mM imidazole.  Lysis buffer containing 250 mM imidazole eluted 
SAICAR synthetase from the column.  Protein purity and concentration was confirmed by sodium 
dodecylsulfate polyacrylamide gel electrophoresis and by Bradford assay, using bovine serum 
albumin as a standard (21). 
Kinetic assays— Activity assays of each mutant used either a coupling system as described by Meyer 
et. al. (1), or an uncoupled system described by Firestine (5).  All assays were done in triplicate at 37° 
C, adjusting one substrate while holding the other two constant at 5xKm.  The assay buffer employed 
50 mM Tris-HCl, pH 7.8, and 6 mM MgCl2.  Concentrations of each substrate were varied from 
0.2xKm to 5xKm.  Data sets were analyzed by the Graffit statistical software package (22), using the 
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Michaelis-Menten equation.  The kcat values reported come from data taken at saturating CAIR and 
ATP, and varied concentrations of L-aspartate. 
Inhibition by L-Aspartate Analogs— The kinetic mechanism of inhibition for analogs of L-
aspartate employed 5 concentrations of L-aspartate, varying from 0.2xKm to 5xKm, and 5 
concentrations of the analog, varying from 1.6–16 mM (for maleate), 20–100 mM (for malate), and 
20–100 mM (for succinate).  Data were fit to models for competitive, noncompetitive, uncompetitive 
and mixed inhibition using Dynafit (23).  The model with the best fit and fewest adjustable 
parameters determined the kinetic mechanism of inhibition. 
Isolation of Sulfinate SAICAR Analog— 50 µg of eSS in 1 mL of 10 mM L-cysteine sulfinate, 
2 mM CAIR, and 2 mM ATP were combined and the reaction driven to completion by the formation 
of NAD by way of the coupled assay.  1U of alkaline phosphatase (Roche) were added to the reaction 
mixture, and incubation continued for another 12 hrs. at 37° C.  Proteins were removed by the 
addition 100 µL of chloroform, followed by centrifugation.  The supernatant fraction was loaded onto 
Tosohaus Toyopearl DEAE 650m resin, washed with 150 mM ammonium bicarbonate and eluted 
with a gradient of 150–300 mM ammonium bicarbonate, monitoring the eluent at a wavelength of 
260 nm.  Appropriate fractions were frozen and lyophilized, then twice re-suspended in 10% 
ammonium hydroxide and lyophilized, and finally taken up in 3 mL of de-ionized water and 
lyophilized.  Mass spectroscopy analysis was performed by the Iowa State University Chemistry 
Instrumentation Service. 
Circular Dichroism— CD spectra were collected for mutant and wild-type enzymes using a 
Jasco J-710 spectropolarimeter and a wavelength range of 190–220 nm.  Proteins (5 µM) were in 5 
mM KCl, 5 mM Tris-HCl, pH 7.8, at room temperature and sample volume of 175 µL.  Spectra using 
the buffer without protein were used for baseline correction. 
Dynamic Light Scattering— Concentrations of ADP, CAIR, and/or L-aspartate were 1, 0.5, 
and 5 mM, respectively, in solutions containing SAICAR synthetase (2 mg/ml), 6 mM MgCl2, 10 mM 
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Hepes, pH 7.8, and 1 mM dithiothreitol (DTT).  Dust was removed by centrifugation of each sample 
in a high-speed bench-top centrifuge for 15 minutes.  The cuvette was rinsed with dust-free water 
prior to data acquisition from each protein sample.  Baseline intensity counts were uniform over time 
and for all samples.  Instances of high baseline counts were corrected by repeated washings of the 
cuvette with dust-free water.  Data were collected from sample volumes of 12 µL using a Proteins 
Solutions Dynapro light scattering instrument.  Acquisitions employed 100% laser power at 25º C 
with final mass calculations using from 113-884 scans.  Data were analyzed using Dynamics V6 
software assuming an isotropic sphere model.  Anomalous scans were removed prior to the 
calculation of masses.  For each condition of ligation, final mass numbers came from triplicate runs 
performed on different days and from different protein preparations. 
 Crystallization— Crystals were grown by the method of hanging-drop vapor diffusion in VDX-
plates (Hampton Research).  Two μL of protein solution (15 mg/mL protein, 15 mM Tris·HCl, 25 
mM KCl, 100 mM MgCl2, 50 mM ADP, 2 mM CAIR, 300 mM maleate, 5 mM dithiothreitol, and 5 
mM EDTA, pH 8.0) were mixed with 2 μL of well solution (3.4–3.8 M sodium formate and 50 mM 
Tris·HCl, pH 8.5) and allowed to equilibrate against 0.5 mL of well solution. 
Data Collection— Crystals were transferred to a cryoprotectant solution containing 4M 
sodium formate, 50 mM Tris·HCl, pH 8.5, 100 mM MgCl2, 25 mM ADP, 1 mM CAIR, 300mM 
maleate and 10% (w/v) sucrose.  After approximately 30 seconds of equilibration, crystals were 
plunged into liquid nitrogen. 
Data from the CAIR•ADP•maleate complex were collected at Iowa State University from a 
single crystal (temperature, 115 K) on a Rigaku R-AXIS IV++ rotating anode/image plate system 
using CuKα radiation from an Osmic confocal optics system.  Data were processed and reduced using 
the program package CrystalClear provided with the instrument.  Intensities were converted to 
structure factors using the CCP4 program TRUNCATE (24). 
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Structure Determination and Refinement— Structure determination employed the CAIR•ADP 
complex (PDB ascension identifier 2GQS, less ligands and water molecules) in molecular 
replacement phasing.  Crystals of the CAIR•ADP complex and the CAIR•ADP•maleate complex are 
isomorphous, having a complete dimer in the asymmetric unit.  Inspection (using XTALVIEW (25)) 
of the initial model and the electron density using revealed excellent agreement.  Strong density 
appeared for ADP, CAIR and three Mg2+ in each active site; these were added to the model prior to 
the first cycle of refinement.  Refinement without non-crystallographic restraints employed CNS (26) 
and simulated annealing (starting temperature of 500 K) with slow cooling in increments of 25 K to a 
final temperature of 300 K, followed by 100 steps of conjugate gradient energy minimization.  
Individual thermal parameters were refined after each cycle of simulated annealing and subject to the 
following restraints: bonded main-chain atoms, 1.5 Å2; angle main-chain atoms, 2.0 Å2; bonded side-
chain atoms, 2.0 Å2; and angle side-chain atoms, 2.5 Å2.  Water molecules were automatically added 
using CNS if a peak greater than 3.0σ was present in Fourier maps with coefficients (Fobs–Fcalc)eiαcalc.  
Finally, a model for maleate was fit to omit electron density.  Refined water sites were eliminated if 
they were further than 3.2 Å from a hydrogen-bonding partner or if their thermal parameters exceeded 
50 Å2.  The contribution of the bulk solvent to structure factors was determined using the default 
parameters of CNS.  Constants of force and geometry for the protein came from Engh and Huber (27) 
and those for ADP, CAIR, and maleate from CNS resource files with appropriate modification of 
dihedral angles of the ribosyl moiety to maintain a 2′-endo ring conformation.  Routines in the CCP4 
suite of programs were used in the superposition of structures. 
Results 
Rationale for directed mutations— Bound CAIR in the ADP/CAIR complex of SAICAR 
synthetase from E. coli (PDB: 2GQS) reveals Arg94, Ser100 and Arg199 in direct hydrogen bonds 
with the 5′-phosphoryl group of CAIR (28).  Arg215 makes a hydrogen bond with the 2′-hydroxyl of 
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CAIR and D175 makes a hydrogen bond with the 3′-hydroxyl of CAIR (28).  On the basis of 
sequence alignments, these residues are highly conserved (Table 1).  Hence, the residues listed in 
Table 1 have a high likelihood of being essential to SAICAR synthetase function. 
Superpositions of SAICAR synthetase structures from E. coli, Saccharomyces cerevisiae and 
Thermatoga maritima (hereafter, eSS, ySS and tSS, respectively) indicate significant differences in 
the relative positions of Arg215 (Figure 1a).  In eSS, Arg215 participates in a complex network of 
hydrogen bonds that firmly anchor the conformation of residues 204–221 (28).  In tSS, the 
corresponding structure differs markedly, having elevated thermal parameters and an increase in the 
water-exposed surface area of tSS by approximately 1000 Å2 relative to eSS.  Many of the 
differentially exposed residues have hydrophobic side chains: Trp167, Ile200, Phe201, Val205, 
Tyr206, and Leu210.  (Residues listed correspond to the tSS sequence).  After superposition, the Cα 
atom of Arg207 in tSS is more than 13.5 Å away from that of Arg215 in eSS structures (Figure 1b). 
Significant differences are also apparent in a direct comparison of eSS to ySS structures 
(Figure 1a).  The differences observed eSS relative to ySS may stem in part from insertions before 
residues 1, 77, 105, and 221 in the E. coli sequence (28); however, Arg264 in ySS clearly corresponds 
to Arg215 in eSS, and yet their Cα carbons after superposition differ in position by more than 5 Å. 
Proposed here is a role for CAIR in stabilizing the conformation of Arg215 necessary for the 
productive recognition of L-aspartate.  Hence, mutations that destabilize the binding of CAIR should 
also destabilize the interactions of SAICAR synthetase with L-aspartate. 
Purity and conformational status of enzymes— Wild-type and mutant SAICAR synthetases were at 
least 95% pure on the basis of sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE).  The Ala175 construct was the exception, resulting in an unstable protein that was assayed 
immediately upon elution from the Ni-nitrilotriacetic acid-agarose column.  Circular dichroism 
spectra were identical for wild-type and mutant enzymes, but a spectrum for Ala175 could not be 
obtained because of its instability.  Apparent masses of wild-type SAICAR synthetase decrease 
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significantly with additions of saturating levels of CAIR and/or ADP, with or without L-aspartate 
(Table 2). 
Kinetics of wild-type and mutant synthetases— Mutant SAICAR synthetases here show little 
change in their Km values for ATP, the largest effect (3-fold increase) due to the alanine mutation at 
position 94 (Table 3).  On the other hand, Km values for CAIR increase 71-, 5-, and 14-fold for the 
alanine mutations of Arg94, Ser100, and Arg199, respectively.  Alanine mutations at positions 94, 
100, and 199 cause 13-, 2.9-, 32-fold increases, respectively, in the Km for L-aspartate.  Instability of 
the Ala 175 mutant protein suggests an important role for this residue in stabilizing a conformation of 
the enzyme that protects nucleotides from nonproductive hydrolysis of ATP and/or the carbonyl 
phosphate of CAIR. 
The alanine mutation at position 215 eliminated the hyperbolic dependence of velocity on the 
concentration of L-aspartate.  Velocity was a linear function of L-aspartate concentration up to the 
highest level (50 mM) employed in assays.  Yet at a concentration of 50 mM L-aspartate, Ala215 
SAICAR synthetase exhibited saturation kinetics at relatively normal levels of CAIR and slightly 
decreased levels of ATP (Km values of 5.7 and 27 μM, respectively, at concentrations of 10 and 50 
mM L-aspartate). 
The effect on kcat varies significantly due to the mutations of the three side chains that 
hydrogen bond to the 5´-phosphoryl group of CAIR.  Ala100 SAICAR synthetase exhibits a slight 
decrease in kcat relative to the wild-type enzyme, whereas the Ala94 and Ala199 enzymes are less 
active by a 7- and 48-fold, respectively.  Ala215 SAICAR synthetase has the least activity of the 
mutant enzymes, exhibiting a pseudo first-order rate constant (obtained in the presence of saturating 
concentrations of CAIR and ATP) 64-fold lower than kcat for the wild-type enzyme. 
Kinetics of wild-type synthetase with analogs of L-aspartate— E. coli SAICAR synthetase 
cannot distinguish between L-aspartate and L-alanosine (Table 4, identical Km and kcat values within 
experimental uncertainty).  L-cysteine sulfinic acid, having –SO2H in place of the β-carboxyl group of 
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L-aspartate, exhibits a 12-fold increase in its Km relative to that of L-aspartate, and a kcat value 
identical (within experimental error) to that of L-aspartate.  The reaction with L-cysteine sulfinic acid 
was verified by an alkaline phosphatase digest of the product, followed by purification and analysis 
by mass spectroscopy.  The observed mass number of the nucleoside (395 amu) agrees with the 
expected mass number of the fully protonated [MH]+ form of the nucleoside.  Maleic, L-malic and 
succinic acids were competitive inhibitors with respect to L-aspartate, with maleic acid being the most 
potent inhibitor (Table 4).  Unlike the yeast enzyme, L-malic acid was not a substrate of the E. coli 
enzyme, producing no products even under prolonged incubation at concentrations of up to 100 mM.  
Fumaric acid does not inhibit the E, coli enzyme up at concentrations of up to 100 mM. 
ADP•CAIR•maleate complex of SAICAR synthetase— Statistics of data collection and 
refinement for the ADP•CAIR•maleate complex are in Table 5.  The crystal structure has no regions 
of structural disorder or weak electron density, and exhibits virtually no conformational change 
relative to the ADP•CAIR complex.  Hence, we focus here on the interactions of maleate, referring 
the reader to the published results on the ADP•CAIR complex for additional information about the 
structure. 
Maleate binds near the 4-carboxyl group of CAIR, making reasonable donor-acceptor 
interactions between one of its carboxyl groups and Arg215 as well with the backbone amide of 
Asp36 (Figure 2).  Maleate’s second carboxyl group interacts only with the backbone amide of Gly35 
(Figure 2). 
 
Discussion 
SAICAR synthetase from E. coli has a rapid-equilibrium random kinetic mechanism (18).  
Hence in principle, the kcat values presented in Table 3 represent the rate of transformation of the 
enzyme-substrate complex into the enzyme-product complex, and the Michaelis constants for CAIR, 
ATP and L-aspartate are dissociation constants for each substrate from the complete substrate-enzyme 
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complex.  For such rapid equilibrium mechanisms, changes in kcat and Km reflect changes in enzyme 
stabilization of the transition state and ligand affinity, respectively. 
If the mutant enzymes here retain the kinetic mechanism of the wild-type enzyme, then the 
mutations at positions 94, 100, and 199 increase the dissociation of CAIR and L-aspartate from the 
complete substrate-enzyme complex and destabilize the transition state significantly for only the 
alanine mutation at position 199.  The most straightforward conclusion from these observations is a 
CAIR-induced conformational change that has little effect on the association of ATP, but greatly 
enhances the binding of L-aspartate.  Arg215, which binds to the 2´-hydroxyl group of CAIR, may be 
the agent through which CAIR enhances the association of L-aspartate. 
The crystal structure of the ADP•CAIR•maleate complex shows virtually no conformational 
change due to the binding of the dicarboxylate inhibitor.  Using bound maleate as a point of departure 
for modeling bound L-aspartate, the α-amino group of the substrate would be approximately 4–5 Å 
from the carbon atom of 4-carboxyl group of CAIR.  The binding mode of maleate then, is not 
representative of productive binding for L-aspartate.  On the other hand, as maleate is a competitive 
inhibitor with respect to L-aspartate (Table 4), it probably interacts with some of the elements 
recognized by the amino-acid substrate in its productive binding mode.  Notably, two water 
molecules bind to a carboxyl group of maleate, and displacement of these water molecules by L-
aspartate would place its α-amino group in a favorable position and orientation with respect to the 4-
carboxyl group of CAIR.  A plausible model for the productive binding mode of L-aspartate (Figure 
3) has the β-carboxyl group interact with Lys211 and backbone amides of Asp 36 and Ser 32, the α-
carboxyl group interact with Arg215, and the α-amino group with water molecules coordinated with 
Mg2+ at sites 2 and 3.  A rotation of L-aspartate in Figure 3 about its N–Cα bond interchanges its α- 
and β-carboxyl groups, and with modest adjustments, results in an acceptable alternative model.  
Hence, we can define the loci of binding for the carboxyl groups of L-aspartate, but with a twofold 
ambiguity.  In contrast, the required proximity to the 4-carboxyl group of CAIR, fixes the binding 
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locus of the α-amino group of L-aspartate, where it must be a proton donor in hydrogen bonds with 
water molecules coordinated to metals at site-2 and -3.  The lone-pair electronic orbital of the α-
amino group is oriented toward the carbon atom of the 4-carboxyl group of CAIR, some 2–3 Å away. 
In studies of the kinetic mechanism of eSS, Nelson et al. (18) suggests a critical role for the 
α-amino group in the recognition of L-aspartate.  Succinate should maintain the interactions of the 
carboxyl groups of the substrate without the steric repulsion of the α-amino group.  Given the virtual 
absence of succinate inhibition, interactions contributed by the α-amino group of L-aspartate must be 
critical to the stability of the ground-state complex.  Indeed, the structure here seems rigid; the 
binding of succinate should create a one-atom void at the α-amino locus, easily sufficient to 
destabilize the complex (29).  Malonate would avoid creating a void by replacing an amino group 
with a hydroxyl group; however, one of the hydrogen bonds would be replaced by a close contact 
involving the lone pair orbitals of the hydroxyl group and a Mg2+-coordinated water molecule.  
Hadacidin (N-formyl-N-hydroxyglycine), which retains only the β-carboxyl group of L-aspartate, 
diverges from L-aspartate at the α-amino and α-carboxyl groups.  The N-hydroxyl group of hadacidin 
can bind either at the α-amino locus, and suffer the same poor nonbonded contact as the hydroxyl 
group of L-malate, or at the one of the carboxyl loci, leaving a one-atom void at the α-amino locus.  
Hence, the lack of significant inhibition by hadacidin, succinate, and L-malate inhibition are all 
attributable to improper fits to the α-amino locus. 
The expected mass of a polyhistidyl-tagged subunit is 29.5 kDa, and hence the dimer 
observed in crystals structures should exhibit a mass of 59 kDa.  Data from light scattering are 
consistent with a dimer in the absence of ligands, but indicate a decrease in apparent mass and radius 
of gyration of the dimer in response to the addition of ligands.  These changes in apparent mass and 
size are consistent with a conformational transition from an expanded dimer in the absence of ligands 
to a more compact dimer in the presence of ligands.  As noted in the results section, the SAICAR-
synthetase dimer of T. maritima, and now more recently the human bifunctional enzyme (30), is far 
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more open conformationally than the ligated dimer of eSS (28, 31).  Hence, the systematic reduction 
in the radius of gyration of eSS, foremost in response to the ligation of CAIR could reflect a transition 
from a loosely folded state much like ligand-free tSS to a more compact and organized structure. 
The role proposed for CAIR seems inconsistent with the rapid equilibrium Random kinetic 
mechanism of the wild-type enzyme (18).  At concentrations of CAIR low relative to its Km, the 
enzyme could relax to a disorganized state between turnovers.  Under such conditions, the kinetic 
mechanism could be steady-state Ordered (CAIR binds first, ATP second and L-aspartate last), as for 
the kinetic mechanism of human SAICAR synthetase (32).  At concentrations of CAIR high relative 
to its Km, however, the enzyme has too little time between turnovers to relax to a disordered state.  
The kinetic mechanism then becomes rapid-equilibrium Random.  Mutant SAICAR synthetases here 
have elevated values for Km, which in a steady-state Ordered mechanism would most likely result 
from an increase in the rate constant for the association of CAIR with the enzyme (32), clearly a 
possibility if the binding of CAIR requires extensive conformational change over an appreciable 
region of the active site. 
SAICAR and adenylosucccinate synthetases evidently have similar kinetic and chemical 
mechanisms, similar responses to the nucleotide phosphoryl acceptor, and similar mechanisms in the 
recognition of L-aspartate.  SAICAR synthetase and adenylosuccinate synthetase from E. coli have 
rapid equilibrium Random kinetic mechanisms (18, 33).  For adenylosuccinate synthetase, L-aspartate 
binds last in the preferred pathway of substrate addition (34), and quite likely SAICAR synthetase 
also favors kinetic pathways in which L-aspartate binds last.  The two enzymes in all likelihood 
catalyze the transfer of the γ-phosphoryl group of a nucleoside triphosphate (GTP for 
adenylosuccinate synthetase and ATP for SAICAR synthetase) to a nucleotide acceptor to form 
phosphoryl intermediates (6-phosphoryl-IMP and the carbonyl phosphate of CAIR in the former and 
latter systems, respectively) (18, 35).  Crystallographic structures and directed mutations of 
adenylosuccinate synthetase indicate a significant role for the 5′-phosphoryl group of IMP in 
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organizing the active site of the enzyme (36-39).  Activation of the catalytic machinery by the binding 
of the phosphoryl acceptor would in principle reduce unproductive hydrolysis of the nucleoside 
triphosphate.  Work here suggests that CAIR could also trigger the organization of the active site of 
SAICAR synthetase.  Finally, the 2′-hydroxyl group of bound IMP hydrogen bonds with an arginyl 
side chain (residue 303 in E. coli adenylosuccinate synthetase) essential to the recognition of L-
aspartate (38, 39).  Similarly, SAICAR synthetase uses the 2´-hydroxyl group of CAIR to localize an 
arginyl side chain (Arg215) that is essential to the binding of L-aspartate (28). 
These similarities probably have come about through divergent evolution from a common 
primordial ancestor: the folds of the polypeptide chains for adenylosuccinate synthetase and SAICAR 
synthetase differ significantly, suggesting the pre-existence of a chemical mechanism that was 
recognized by at least two different primordial proteins.  Perhaps initially, these primordial proteins 
did little more than bind the highly unstable phosphoryl intermediates (6-phosphoryl-IMP and the 
carbonyl phosphate of CAIR), protecting these intermediates from hydrolysis long enough to give L-
aspartate a competitive advantage.  In the primordial system, the recognition of L-aspartate may have 
come about through a fortuitous hydrogen bond between one of its carboxyl groups and the ribosyl 
moiety of the phosphoryl intermediate. 
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E. coli H. Sapien T. maritima S. cerevisiae C. albicans 
Arg94 Arg101 Arg86 Arg122 Arg111 
Ser100 Ser107 Ser93 Ser128 Ser117 
Asp175 Asp189 Asp168 Asp215 Asp202 
Arg199 Arg225 Arg193 Arg242 Arg227 
Arg215 Arg232 Arg207 Arg264 Arg249 
 
Table 1.  Conservation of residue-type in direct hydrogen bonds with CAIR in eSS. 
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Ligands Radius (nm) Molecular weight (kDa) 
none 3.55±0.01 65.1±0.4 
ADP 3.43±0.02 60.2±0.6 
CAIR 3.38±0.01 58.6±0.9 
CAIR, L-aspartate 3.39±0.04 59±2 
ADP, CAIR 3.36±0.04 58.0±2 
ADP, CAIR, L-aspartate 3.38±0.04 58±2 
 
Table 2.  Variation of radius of gyration and apparent molecular weight with ligation of E. coli 
SAICAR synthetase. 
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Construct 
Km ATP 
(µM) 
Km CAIR 
(µM) 
Km L-aspartate 
(mM) 
kcat 
(s–1) 
Wild-type 50±5 4.1±0.8 0.72±0.06 6.2±0.2 
Arg94→Ala 150±10 290±50 9±3 0.9±0.1 
Ser100→Ala 46±6 19±2 2.06±0.05 5.9±0.2 
Asp175→Alaa 420±20 380±30 0.6±0.1g 3.00±0.07 
Arg199→Ala 50±7 58±5 23±3 0.13±0.01 
Arg215→Ala 26±2b 5.2±0.5b NAc 0.094±0.002d
 
Table 3.  Kinetic Parameters of wild-type and mutant SAICAR synthetases.  Parameters are 
determined by fitting data to the Michaelis-Menten equation as explained in the Experimental section. 
____________________ 
 
aReaction exhibits ATP hydrolysis in the presence of CAIR and absence of L-aspartate, that accounts 
for approximately half of the ADP produced at Vmax.  Initial velocities were corrected for baseline 
decay, yielding a typical hyperbolic dependence of initial velocity on substrate concentration. 
bConcentration of L-aspartate fixed at a non-saturating 50 mM.  The parameter is an apparent Km. 
cPseudo first-order in L-aspartate from 1–50 mM with ATP and CAIR at concentrations of 260 and 50 
µM, respectively. 
dPseudo first order rate constant from the linear fit of initial velocity to the concentration of L-
aspartate. 
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Substrate/Inhibitor Km or Ki (mM) 
L-Aspartate 0.77±0.08 
L-Alanosinea 0.83±0.05 
L-Cysteine sulfinatea 5.6±0.3 
L-Malateb 20±1 
Maleateb 1.6±0.3 
Succinateb 64±5 
 
Table 4.  Recognition of L-aspartate analogs by wild-type SAICAR synthetase from E. coli. 
___________________ 
akcat value identical (within experimental error) to that of the wild-type enzyme using L-aspartate (See 
Table 3). 
bLinear competitive inhibitor with respect to L-aspartate. 
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 ADP•CAIR•maleate complex 
Space Group P212121
Unit Cell Parameters a=59.29, b=67.18, c=145.83 
Resolution 25–2.07 (2.18–2.07) 
No. of Reflections 201921 
No. of Unique Reflections 33445 
% Completeness  92.3 (64.4) 
Rmergea  0.080 (0.241) 
No. of atoms 3924 
No of solvent sites 186 
Rfactorb 23.1 
Rfreec 26.7 
Mean B for protein (Å2) 28.53 
Mean B for ligands (Å2) 25.6 
Mean B for waters (Å2) 35.4 
Root-mean-squared deviations: 
   Bond lengths (Å) 0.006 
   Bond angles (deg.) 1.2 
   Dihedral angles (deg.) 22.7 
   Improper angles (deg.) 0.72 
___________________  Table 5.  Statistics of data collection and refinement. 
a Rmerge = ΣjΣi | Iij - <Ij> | /ΣiΣjIij, where i runs over multiple observations of the same intensity, and j runs over 
all crystallographically unique intensities. 
b Rfactor = Σ || Fobs | - | Fcalc || /Σ | Fobs |, where | Fobs | > 0. 
c Rfree based upon 10% of the data randomly culled and not used in the refinement. 
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Figure 1.  Comparison of the active sites of SAICAR synthetase structures in the vicinity of 
the CAIR binding pocket.  (A) Superpositions of SAICAR synthetase structures from E. coli 
(eSS), S. cerevisiae (ySS) and T. maritima (tSS) in bold, medium and thin lines, respectively 
indicate significant differences in the relative positions of residues corresponding to Arg215 
of eSS. 
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Figure 2.  CAIR•ADP•maleate complex.  (A) Electron density for maleate in the active site 
of SAICAR synthetase.  Electron density from a omit map (Fo-Fc) contoured at 3σ with a 
cutoff radius of 1 Å.  (B) Stereo view showing hydrogen bonding interactions between 
maleate and the active site (donor acceptor iterations from 2.5–3.2 Å). 
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Figure 3.  Model for productively bound L-aspartate.  Dotted lines are donor-acceptor interactions 
from 2.5–3.2 Å. 
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Chapter V. Linkage of Function in Human AIR Carboxylase/SAICAR 
Synthetase† 
 
Pending submission to a journal. 
 
Daniel J. Binkowski 1, Nathaniel D. Ginder 2, Herbert J. Fromm and Richard B. Honzatko 3
 
Abstract 
 In steps 6 and 7 of mammalian de novo nucleotide biosynthesis, a bifunctional enzyme 
converts 5-aminoimidazole ribonucleotide (AIR) to 4-carboxyl-5-aminoimidazole ribonucleotide 
(CAIR), and then CAIR to 5-aminoimidazole-4(N-succinylcarboxamide) ribonucleotide (SAICAR).  
This and other enzymes of purine nucleotide biosynthesis are targets in the growth inhibition of T cell 
Acute Lymphoblastic Lymphomas and of microorganisms injurious to human health.  Shown here by 
initial velocity and inhibition kinetics, are data consistent with a sequential steady state Ordered 
kinetic mechanism for human SAICAR synthetase activity, with CAIR binding first, ATP second and 
L-aspartate last.  The kinetic mechanism for the human enzyme differs markedly from the rapid 
equilibrium Random mechanism reported for Escherichia coli SAICAR synthetase, and is consistent 
with a CAIR-induced conformational change that orders the active site of the human enzyme.  
Suppression of interfering AIR carboxylase/CAIR decarboxylase activity in the human enzyme 
employed either a directed mutation (Lys304→Ala) of the AIR carboxylase site or specific ligation of 
the AIR carboxylase pocket by a slow, tight-binding inhibitor (called NAIR).  The Michaelis constant 
for CAIR differs tenfold depending on whether the elimination of AIR carboxylase activity is by 
inhibition or by mutation.  Ligation of the AIR carboxylase site by NAIR slows the rate of association 
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of CAIR with the SAICAR synthetase pocket, indicating a functional linkage between the two active 
sites that maintains constant flux through SAICAR synthetase. 
_______________________ 
1 Primary Author 
2 Secondary Author 
3 To whom correspondence should be addressed. Tel.: 515-294-6116; Fax: 515-294-0453; E-mail: 
honzatko@iastate.edu  
 
Abbreviations   
Chemicals: 5-aminoimidazole-4(N-succinylcarboxamide) ribonucleotide, SAICAR; 5-
aminoimidazole-4-carboxy ribonucleotide, CAIR; 5-aminoimidazole-4-carboxamide-β-D-
ribofuranoside, AICARs; 5-aminoimidazole ribonucleotide, AIR; 4-nitro-5-aminoimidazole 
ribonucleotide, NAIR; 5(N-carboxy)-aminoimidazole-ribonucleotide, N5-CAIR; 
ethylenediaminetetraacetic acid, EDTA. 
Protein constructs:  Escherichia coli SAICAR synthetase, eSS; Avian AIR carboxylase/SAICAR 
synthetase, avSS; Human AIRC/SAICAR synthetase, hSSwt; Human AIRC/SAICAR synthetase 
mutant K304A, K304A. 
 
Introduction 
5-Aminoimidazole ribonucleotide 4′-carboxylase/phosphoribosylaminoimidazole-
succinocarboxamide synthetase (hereafter AIR1 carboxylase/SAICAR synthetase), is a bifunctional 
enzyme that catalyzes step 6 and 7 of mammalian de novo purine nucleotide biosynthesis(1-3): 
AIR + CO2 → CAIR      AIR carboxylase 
CAIR + ATP + L-aspartate → SAICAR + ADP + Pi  SAICAR synthetase 
In bacteria such as Escherichia coli, the conversion of AIR into SAICAR employs three single-
function enzymes, PurK, PurE and PurC (4): 
AIR + HCO3– +ATP → N5-CAIR + ADP + Pi  N5-CAIR synthetase (PurK) 
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N5-CAIR → CAIR      N5-CAIR mutase (PurE) 
CAIR + ATP + L-aspartate → SAICAR + ADP + Pi  SAICAR synthetase (PurC) 
Bacterial systems use ATP and bicarbonate in the generation of N5-CAIR, whereas vertebrate 
bifunctional enzymes use carbon dioxide and AIR directly without cofactors to make CAIR(5-8).  
Fungi such as Candida albicans and Cryptococcus neoformans combine the PurK and PurE activities 
in a single protein, but retain a single-function enzyme for the synthesis of SAICAR from CAIR (9, 
10). 
Enzymes of de novo purine nucleotide biosynthesis are targets in the treatment of cancer and 
infectious disease.  Many cancers, for instance, have damaged salvage pathways for purine 
nucleotides, and hence exhibit increased sensitivity to the inhibition of de novo purine nucleotide 
biosynthesis (11).  L-Alanosine, an analog of L-aspartate, shows promise in treatments of leukemia 
and gliomas.  SAICAR synthetase (in humans and bacteria) uses L-alanosine in forming 5-
aminoimidazole-4(N-alanosylcarboxamide) ribonucleotide, a potent inhibitor of adenylosuccinate 
synthetase and adenylosuccinate lyase (12-14).  L-Alanosine toxicity is due to the blockage of purine 
nucleotide biosynthesis, as supplemental doses of deoxyadenosine lessen toxicity.  Treatments that 
employ L-alanosine and supplements of deoxyadenosine or methylthioadenosine analogs, however, 
selectively inhibit cancer cell lines deficient in methylthioadenosine phosphorylase (11). 
Bacterial strains, impaired in purine nucleotide biosynthesis, can be effective inoculants 
against some strains of pathogenic bacteria.  Blockage of purine metabolism in Candida albicans and 
Crypotcoccus neoformans attenuates the virulence and invasiveness of the former (15) and moderates 
meningoenciphilis infections in immune-compromised rodents caused by the latter (16).  Virulence 
attenuation by removal of genes for purine nucleotide biosynthesis is also an attribute of Brucella 
species; vaccines against these infectious organisms are PurE knockouts (17-20). 
Firestine and colleagues characterized avian AIR carboxylase/SAICAR synthetase and 
synthesized a nitro analog of CAIR (called NAIR)(7, 8, 21).  Inhibition by NAIR and the carboxyl 
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donor in the AIR carboxylase reactions differentiates between Class-I, -II and -III AIR carboxylases.  
NAIR is a slow, tight-binding inhibitor of Class-II AIR carboxylases, but a potent steady-state 
inhibitor of Class-I and -III enzymes(7, 21, 22).  Carbon dioxide is the carboxyl donor for Class-II 
and -III AIR carboxylases, but the Class-I enzyme uses bicarbonate (4, 8).  (The literature defines 
only two classes of AIR carboxylase, but the AIR carboxylase from Methanococcus 
thermoautotrophicum uses CO2 as a substrate, and yet NAIR is not a slow, tight-binding inhibitor.  
Therefore Youn et al. (22) tentatively regarded the enzyme from M. thermoautotrophicum as a 
member of a third class of AIR carboxylase). 
On the time scale of most laboratory experiments, NAIR binds irreversibly to the active site 
of AIR carboxylase, eliminating the loss of CAIR due to the reverse (decarboxylation) reaction of the 
vertebrate bifunctional enzyme (7, 21).  NAIR interrupts AIR carboxylase activity as an inert analog 
of AIR/CAIR, but does not inhibit the SAICAR synthetase activity of the Class-II bifunctional 
enzyme from the chicken (7).  Hence in the presence of NAIR, kinetic studies of the SAICAR 
synthetase reaction are possible in the absence of a decarboxylase reaction that competes for CAIR. 
The structure of the human AIR carboxylase/SAICAR synthetase reveals a channel (9Å 
minimum diameter, 70Å length) between each AIR carboxylase/SAICAR synthetase active site of a 
homooctamer (23).  CAIR produced in the AIR carboxylase site could travel directly to the SAICAR 
synthetase site without coming in contact with the bulk solvent .  Existing kinetics investigations, 
however, provide no support for channeling.  With the AIR carboxylase site ligated by NAIR, CAIR 
from the bulk solvent still reaches the SAICAR synthetase active site (7).  Herein we report the 
kinetic mechanism of the SAICAR synthetase reaction of the human enzyme with the AIR 
carboxylase pocket ligated by NAIR and with the same pocket impaired by the directed mutation of a 
conserved residue implicated in the binding of AIR and CAIR.  The SAICAR synthetase activities of 
both forms of the enzyme are consistent with a steady-state ordered kinetic mechanism, with the 
binding order CAIR first, followed by ATP and then L-aspartate; however, the Km for CAIR is tenfold 
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higher for the NAIR-ligated system relative to the mutant enzyme.  The increase in the Km for CAIR 
in the presence of NAIR is not due to the binding of NAIR to the SAICAR synthetase pocket, but 
rather to a probable decrease in the rate of CAIR ligation of the SAICAR synthetase pocket.  Hence, 
the SAICAR synthetase active site is sensitive to the functional status of the AIR carboxylase site.  
Ligation of the AIR carboxylase pocket by NAIR impedes the association of CAIR with the SAICAR 
synthetase active site. 
 
Experimental Procedures 
Materials— L-Aspartate, L-malate, maleate, ATP, NADH, phosphoenolpyruvate, pyruvate 
kinase and lactate dehydrogenase came from Sigma.  L-Alanosine was obtained from the Drug 
Research and Development Branch, National Cancer Institute, Bethesda MD.  5-Aminoimidazole-4-
carboxamide-β-D-ribofuranoside (AICARs) was purchased from Toronto Research Biochemicals.  
All other chemicals were reagent grade.  The nucleoside precursor of NAIR and the human SAICAR 
synthetase gene (ADE2) were generous gifts from Dr. V. J. Davisson, Department of Medicinal 
Chemistry & Molecular Pharmacology, Purdue University.  Low-range molecular mass protein 
standards for SDS-PAGE came from Bio-Rad.  Ampli-Taq DNA polymerase was purchased from 
Midwest Scientific.  Restriction enzymes were purchased from New England Biolabs.  Nickel-
nitrilotriacetic acid-agarose resin came from Novagen and E. coli Rosetta (DE3) cells came from 
Invitrogen.  The Iowa State University DNA Sequencing and Synthesis Facility accomplished all 
primer synthesis and DNA sequencing as a means of confirming nucleic acid constructs. 
Chemical Syntheses— NAIR was synthesized from its nucleoside precursor by the method of 
Yoshikawa (24).  CAIR was synthesized by methods due to Firestine (7), which afford improved 
yields (>30%) relative to protocols published in previous work (4, 14).  After lyophilization, CAIR 
was dissolved in 10 mM TAPS, pH 9.0, to prevent decarboxylation, and stored at –80 ºC.  The 
concentration of CAIR was determined by methods of organophosphate and by quantitative 
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conversion to NAD+ by the coupled assay (4, 14, 25).  The concentration of NAIR was determined by 
the assay for organophosphate (14, 25).  Multiple determinations of the concentrations of CAIR and 
NAIR are in within 5% agreement for all studies reported here. 
Subcloning and Directed Mutations— The original ADE2 gene was in a pet3a vector.  In 
order to facilitate rapid purification, the gene was transferred (using appropriate primers to 
incorporate cut sites NdeI and BamhI) to a pet24b vector bearing a C-terminal hexahistidyl tag.  The 
resulting stop codon was removed by a point mutation affording an 8 amino acid linker between the 
last amino acid of the protein and the first histidine residue of the tag. 
 Construction of Lys304→Ala Enzyme— The mutation of Lys304 to alanine employed 
primers 5′- CTTCGAGTAACATCTGCGCATGCGGGACCAGATGAAACTCTGAGGATTAAAGC-3′ and 
5′- GCTTTAATCCTCAGAGTTTCATCTGGTCCCGCATGCGCAGATGTTACTCGAAG-3′, where altered 
codons are in bold typeface, using pfuTurbo® DNA polymerase (Stratagene).  Mutations were 
confirmed by DNA sequencing.  The mutant protein was expressed and purified using the exact same 
procedure as the previously stated procedure for the wild-type his-tagged protein.  
Purification of Recombinant Human AIR Carboxylase/SAICAR Synthetase— The tag-free 
form of the enzyme was isolated as a control to verify the properties of the C-terminal tagged protein.  
E. coli Rosetta cells were transformed by pet3a vectors bearing the untagged human SAICAR 
synthetase insert.  Single colonies of each mutant were used to inoculate overnight cultures of Luria 
broth (LB) containing chloramphenicol (24µg/mL) and Ampicilin (100µg/mL).  Ten cultures of 800 
mL LB in 2 L flasks were inoculated with the overnight culture and grown with shaking at 38° C to 
an OD600 of 0.7, at which point the temperature was reduced to 16º C, followed by the induction of 
protein expression by the addition of 200 µL of 1 M isopropyl-β-D-thiogalactopyranoside (IPTG).  
Cells were collected 15 hrs post-induction, re-suspended in 50 mM Tris, pH 8.0, 2 mM EDTA, 5 
µg/mL leupeptin, 1 mM phenylmethanesulfonyl fluoride (PMSF), and 0.25 mg/mL lysozyme, and 
then disrupted by French press at 4º C.  After centrifugation (37000xg, 30 min.), streptomycin sulfate 
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was added to the supernatant fraction with constant stirring to a final concentration of 1% (w/v).  
Precipitate was removed by centrifugation (37000xg, 15 min.), whereupon the supernatant fraction 
was subjected to ammonium sulfate fractionation, retaining soluble protein between 22.5–32% 
saturation.  Fractionated protein was dissolved in a minimal amount of 50 mM Tris, pH 8.0, 2 mM 
dithiothreitol (DTT), and 2mM EDTA, and applied to a 2.5x80cm Sephacryl S-200 (GE Healthcare 
Life Sciences) size exclusion column equilibrated with the same buffer.  Fractions with substantial 
SAICAR synthetase and CAIR decarboxylase activities were pooled.  Concentrated protein solution 
was applied to a DEAE cellulose column (2.5x50 cm.) equilibrated with 50 mM Tris, pH 8.0, 2 mM 
EDTA, and then eluted as pure enzyme by the same buffer.  The enzyme was stored in this buffer 
without further dialysis.  Protein purity was determined by sodium dodecylsulfate polyacrylamide gel 
electrophoresis (SDS-PAGE), and its concentration determined by method of Bradford using bovine 
serum albumin (BSA) as a standard (26). 
Purification of C-terminal Polyhistidyl-tagged Wild-type and Mutant Human AIR 
Carboxylase/SAICAR Synthetase— C-terminal hexa-histidyl tagged clones (pet24b) were grown as 
above for the non-tagged protein using kanamycin (30 µg/mL) and no ampicillin.  Cells were 
collected by centrifugation, re-suspended in lysis buffer (20 mM KPi, 200 mM NaCl, 10 mM 
imidazole, pH 8.0, 5 µg/mL leupeptin, 1 mM phenylmethanesulfonyl fluoride (PMSF), 0.25 mg/mL 
lysozyme, and 50 µg/mL DNase I), and then disrupted by French press.  After centrifugation 
(37000xg, 30 min.) the supernatant fraction was loaded onto a column of nickel nitrilotriacetic acid 
(NTA)-agarose, equilibrated in 20 mM KPi, 200 mM NaCl, and 10 mM imidazole, pH 8.0.  The 
column was washed with 10 volumes of the equilibration buffer, and then the enzyme was eluted with 
20 mM KPi, 200 mM NaCl, and 250mM imidazole, pH 8.0.  The protein was desalted by passage 
through a G-50 column (1.5x40 cm.) equilibrated and run with 50mM Taps, pH 8.5, 25 mM KCl, 2 
mM EDTA, 2 mM dithiothreitol (DTT), and 20 mM sodium bicarbonate.  Protein concentrations and 
purity were determined above as for the non-tagged enzyme. 
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Kinetics— Kinetics data were acquired by coupled  and uncoupled assays (4, 7, 14), using a 
thermostated Cary 100 Bio UV spectrophotometer.  The coupled assay was verified over the pH 
range 5.5–11 by observing a linear relationship between enzyme concentration in the presence of 
saturating concentrations of substrates and the rate of disappearance of NADH, monitored at 340 nm.  
Analogs of ATP, CAIR, and L-aspartate were added individually at maximal concentrations with 
100μM ADP to verify the absence of inhibition of coupling enzymes.  Assays performed on the wild-
type enzyme in the presence of NAIR (done in triplicate) varied the concentration of one substrate 
while holding other substrates at 5xKm (in studies involving inhibitors) or 10xKm (in studies without 
inhibitors).  Assays performed on the Lys304→Ala mutant enzyme usually employed a fixed 
concentration of CAIR of 15 µM, which is 20-fold in excess of the highest value determined for the 
Km for CAIR for the mutant enzyme.  Details regarding the conditions of assay are in the legends to 
the figures.  Assay were performed in 50 mM Taps, pH 8.0, 10 mM MgCl2, and 1 mM dithiothreitol 
(DTT) at a temperature of 37º C.  Assays were initiated by the addition of enzyme (100 µL of 0.04 
mg/mL protein in the above assay buffer) kept on ice to an assay solution (900 uL) equilibrated at 37º 
C.  Assays of CAIR decarboxylase activity were done in 50 mM Tris-HCl, pH 7.8, 2 mM EDTA, and 
water that had been boiled and degassed to remove dissolved CO2 with assay protein concentration 
usually 125 ng/mL.  Decarboxylase assays were performed at 37º C, with velocities based on an 
extinction coefficient of 11,500 (cm M)-1, valid at pH 7.8, λ=250 nm. 
For most assays, substrate concentrations change by less than 10% of their initial values.  In 
such cases, data from linear progress curves provide measures of initial velocity, and the observed 
data could be fit to the appropriate initial velocity models by software packages Grafit (27), Igorpro 
(Wavemetric, Inc.) and Dynafit (28).  Initial concentrations of CAIR to determine its Km for the 
Lys304→Ala enzyme were so low, however, that a 10% limiting depletion of substrate provided a 
signal too small for reliable detection.  Progress curves for such assays were acquired to the endpoint 
of the reaction, and the data fit to appropriate models by Dynafit (28, 29).  In deciding the kinetic 
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mechanism of inhibition, data were fit to models for competitive, uncompetitive, mixed and true 
noncompetitive inhibition.  The best model was determined by Akaike weight (29) and lowest Chi-
squared value, and when necessary by the principle of Occam’s Razor. 
Dynamic Light Scattering— Protein samples were prepared by diluting recombinant wild 
type and Lys304→Ala enzymes into filtered water to a final concentration of 1 mg/mL in a total 
volume of 1 mL.  Centrifugation for 15 min. removed insoluble debris from each sample.  A sample 
of filtered and centrifuge water confirmed the cleanliness of the cuvette prior to its use in the 
determination of mass of the protein sample.  A Proteins Solutions Dynapro machine was used to 
collect and analyze light scattered from a 12 µL sample of dust-free mutant or wild type protein.  
Data were collected at 100% laser power at 25º C, and mass calculations employed 394 and 400 scans 
for the recombinant wild-type and mutant enzymes, respectively.  Data were analyzed using 
Dynamics V6 software and an isotropic sphere model.   Appropriate anomalous data points were 
removed for the final mass calculation. 
 
Results 
Human SAICAR synthetase expression and purification— Purification of non-tagged wild-
type protein required 24 hours, yielding an enzyme with a kcat of one-third that of the polyhistidyl-
tagged construct and the published value for the enzyme from chicken (7).  The introduction of a C-
terminal tag enabled rapid purification (3 hrs.), improved yield by twofold, and increased kcat.  Eight 
liters of culture provided 250–300 mg of purified enzyme with average kcat of 3.55 s-1 (µM) for both 
wild-type and the Lys304→Ala enzymes.  Tagged and non-tagged systems were at least 95% pure by 
sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (data not shown), and hence 
the low specific activity of the non-tagged enzyme is due to non-functional impurities of identical or 
near-identical mass.  The catalytic rate of the tagged human enzyme is comparable to that of the 
native chicken enzyme (3.1–4s-1) (7). 
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Elimination of CAIR Decarboxylation Activity— Decarboxylase activity in the chicken 
bifunctional enzyme is at least 50-fold faster than the consumption of CAIR in the synthesis of 
SAICAR.  In order to avoid complications in determining the kinetic mechanism of human SAICAR 
synthetase, we eliminate CAIR decarboxylation by inhibition with NAIR and by directed mutation.  
The crystal structure of E. coli PurE (PDB accession identifier 1D7A) reveals Arg46 (corresponding to 
Lys304 of the human enzyme by sequence comparison) in an interaction with the 5´-phosphoryl group 
of CAIR.  Elimination of this interaction should lower the affinity of CAIR for the AIR carboxylase 
pocket in the bifunctional enzyme.  Indeed, CAIR decarboxylase activity of the wild-type human 
enzyme exhibits a Km for CAIR of 30±3 μM and a kcat of 130±6 s–1, whereas the Lys304→Ala enzyme 
(up to a concentration of 50 μg/mL in assays) exhibits decarboxylation rates of CAIR of ~0.002 s–1, 
approximately equivalent to the rate of decarboxylation of CAIR in the absence of enzyme.  NAIR at 
a concentration of 10 μM reduces the rate of CAIR decarboxylation to baseline level (~0.002 s–1).  
Concentrations of NAIR up to 250 μM has no observable effect on either the rate of SAICAR 
synthesis of the wild-type or Lys304→Ala enzyme.  Hence the Lys304→Ala enzyme and the NAIR-
ligated human enzymes are distinct systems that allow the investigation of the SAICAR synthetase 
reaction in the context of a nonfunctional AIR carboxylase active site. 
General Kinetic Properties of the Human Enzyme— Although a crystal structure of the 
human enzyme is available (23), the kinetic properties of human AIR carboxylase/SAICAR 
synthetase are not in the literature.  The native masses of the polyhistidyl-tagged wild-type and 
Lys304→Ala enzymes determined by dynamic light scattering are 381 and 379 kDa, respectively.  
Native masses (and the specific activities) of the wild-type and mutant enzymes decrease during 
storage at 4° C, a process accelerated at 25° C.  Hence, all work reported here uses enzyme aged not 
more than 36 hrs. post-purification, and stored on ice before use in assays.  As the calculated mass for 
the tagged subunit is 49.996 kDa, the values observed here are consistent with an octamer (expected 
mass of 400 kDa), in good agreement with the crystal structure of the bifunctional enzyme and 
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reported masses from light scattering (23).  Wild-type and Lys304→Ala constructs showed optimum 
activity between pH 7.9–8.1. 
Plausible Kinetic Mechanisms from Initial Velocity Studies— Initial velocity data with one 
substrate at saturation (10xKm) and the systematic variation of the concentrations of the other two 
substrates about their Km values (a total of 57 conditions) appear in Figure 1.  Two of three families of 
Lineweaver-Burk plots clearly have a common point of intersection in quadrants 2 or 3.  The third 
plot favors a family of parallel lines, but a set of intersecting lines with the point of intersection deep 
into quadrant 3 is a possibility.  The Lineweaver-Burk plots of Figure 1 exclude Ping-Pong kinetic 
mechanisms, as at least two and perhaps all three of the plots would be sets of parallel lines.  
Moreover, the following rapid equilibrium sequential mechanisms lack one or more terms necessary 
to account for the qualitative appearance of the plots in Figure 1: Ordered, Random AB, Random BC 
and Random AC.  Steady state Ordered (A first, B second, C last) is the simplest sequential 
mechanism that successfully models the data of Figure 1: 
ABC
KKK
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AB
KK
C
K
B
K
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v
V cibiacibbiacba ++++++=1max     Equation 1 
where A, B, and C represent the concentrations of CAIR, ATP and L-aspartate, respectively, and the 
kinetic parameters are combinations of elementary rate constants defined in Table 1 and Scheme 1.  
The rapid equilibrium Random mechanism, however, results in a slightly more complex relationship 
that could also explain the data of Figure 1: 
Vmax/v = 1 + Ka/A + Kb/B + Kc/C + KaKbc/AB + KcKab/AC + KbKca/BC + KaKbcKic/ABC  Equation 2 
Where A, B, and C are defined as in Equation 1, and the definition of kinetic parameters are given by 
Nelson et al. (14) and Fromm (30, 31).  For the rapid equilibrium Random mechanism to account for 
the data of Figure 1c, parameter Kab associated with the 1/AC term of Equation 2 must be near zero.  
Kab near zero corresponds to virtually no dissociation of CAIR from the E•CAIR•ATP complex, a 
distinct possibility if the enzyme stabilizes the carbonyl phosphate intermediate of CAIR to form a 
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complex of E•CAIR-phosphoryl•ADP.  We choose the steady state Ordered mechanism (Equation 1) 
to interpret the data of Figure 1; the experimental justification for excluding the rapid equilibrium 
Random mechanism (Equation 2) comes in the next section. 
A global fit of Equation 1 requires Vmax from each plot of Figure 1 to be the same.  As data 
sets were collected on different days and from different preparations of enzyme, the data of Figures 
1A,B,&C were fit by Equations 3, 4 and 5, respectively. 
AB
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V biaba +++= 1max        Equation 3 
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V ca ++=1max         Equation 5 
Equations 3, 4 and 5 come from Equation 1 by eliminating the terms associated with the substrate at a 
saturating concentration.  Parameters Ka, Kb, and Kc are the Michaelis constants for CAIR, ATP and 
L-aspartate, respectively.  For a steady state mechanism, the Michaelis constants are not dissociation 
constants, but depend as shown in Table 1 on the off-rates of products as well as the on-rates of the 
substrates.  Equations 3–5 provide two independent determinations of Ka, Kb, and Kc, and three 
determinations of kcat, all of which are in reasonable agreement (Table 1).  The data of Figure 1 come 
from the NAIR-ligated enzyme.  The low Km for CAIR of the Lys304→Ala enzyme requires initial 
concentrations of CAIR and final product levels too small for accurate measurement.  In the next 
section we present an alternative approach that permits the determination of the kinetic mechanism of 
the mutant enzyme and for the NAIR-ligated enzyme.  Although the determination of Ka (that is, the 
Km for CAIR) is problematic for the Lys304→Ala enzyme, the determination of Kb, Kc, and kcat are 
available from experiments in which CAIR is at a saturating concentration (10xKm).  Assays which 
varied the concentration of CAIR place an upper limit of 1µM on Kc.  Such values are provided 
parenthetically in Table 1. 
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Inhibition Kinetics— The response of NAIR-ligated and Lys304→Ala SAICAR synthetases to 
competitive inhibitors with respect CAIR, ATP and L-aspartate can distinguish between the steady-
state Ordered and the rapid equilibrium Random kinetic mechanisms.  Moreover, the coupled assay 
pulls the reaction to completion, converting low initial concentrations of CAIR completely to product.  
The time dependence of product formation over the entire progress curve at different inhibitor 
concentrations also has the necessary information to make a determination of kinetic mechanism of 
inhibition. 
The determination of kinetic mechanism requires a set of competitive inhibitors.  ADP cannot 
be used as a competitive inhibitor of ATP in these studies, as the assay couples to the formation of 
ADP by SAICAR synthetase.  Furthermore, ADP at nonzero concentrations does not allow one the 
luxury of neglecting specific terms in the rate equations that include the concentration of products.  
AMP is an adequate competitive inhibitor with respect to ATP (Figures 2E&3E) and an 
uncompetitive inhibitor with respect to CAIR (Figures 2D&3D).  (The latter mechanism precludes an 
interaction of AMP at the CAIR pocket).  IMP, a competitive inhibitor with respect to CAIR for E. 
coli SAICAR synthetase system (14), has no effect on the human systems.  AICAR inhibition of the 
human wild-type and mutant enzymes is weak but competitive with respect to CAIR (Figures 
2A&3A).  Lastly maleate, a relatively good competitive inhibitor with respect to L-aspartate for the 
Lys304→Ala enzyme (Figure 3I), exhibits mixed, non-competitive inhibition in the NAIR-ligated 
wild-type enzyme (data not shown); however, L-malate is a weak competitive inhibitor with respect to 
L-aspartate of the NAIR-ligated wild-type enzyme (Figure 2I). 
Analysis of data from Figure 2 and Figures 3B,C,E,F,H&I employs Equations 6–8, which 
together represent inhibition of the steady-state Ordered kinetic mechanism by competitive inhibitors 
of A, B or C from Scheme I: 
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In Equations 6–8, Ia, Ib, and Ic are the concentrations of competitive inhibitors of A (CAIR), B (ATP), 
and C (L-aspartate), respectively, and KIa, KIb, and KIc are dissociation constants for the competitive 
inhibitors of A, B, and C, respectively.  All other terms are defined as in Equation 1.  Fixing the 
concentrations of any two of three substrates simplifies Equations 6–8 to familiar relationships for 
inhibition of a one-substrate system: competitive, uncompetitive and non-competitive inhibition.  For 
instance, fixing B and C in Equation 6 leads to Equation 9: 
Vmax/v = (1+Kb/B+Kc/C+KiaKc/BC) + (Ka+KiaKb/B+KiaKibKc/BC)(1+Ia/KIa)(1/A) Eqn. 9 
Equation 9 is mathematically identical to competitive inhibition of a single substrate enzyme, except 
that the slope in a 1/v vs. 1/A plot depends on the fixed concentrations of B and C.  Analysis of the 
data here employs standard models of inhibition for a single substrate system and hence inhibitor 
dissociation constants are apparent constants.  To distinguish between steady state Ordered and rapid 
equilibrium Random, the values of KIa, KIb, and KIc are unimportant.  Instead, the mechanisms of 
inhibition for each of 9 sets of data (3 inhibitors x 3 pairs of fixed substrates) will reveal the 
mechanism (30, 31).  Using Dynafit (28), the data of each panel of Figure 2 and Figure 
3B,C,E,F,H,&I were fit to models of competitive, uncompetitive, noncompetitive, and mixed 
inhibition of a single substrate system.  The best fitting models appear in Table 2.  Instances of 
uncompetitive inhibition are inconsistent with the rapid equilibrium Random mechanism, but all 
patterns of inhibition are consistent with the steady-state Ordered mechanism. 
In conducting initial velocity investigations of the Lys304→Ala enzyme, however, all 
concentrations of CAIR were well above the determined value of Kc (Michaelis constant for CAIR).  
The extinction coefficient for NADH→NAD+ precludes lower concentrations of CAIR, and 
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fluorescence detection of NADH is not an option due to the self-quenching properties of NADH at 
high initial concentrations in the coupled assay; however, the high initial concentrations of NADH 
and PEP insure the SAICAR synthetase assays run to completion in the presence of limiting 
concentrations of CAIR (no ADP buildup).  Hence, Figure 3A,D&G represent data taken at fixed 
concentrations (5xKm) of ATP and L-aspartate, a fixed concentration of CAIR, and varied 
concentrations of each of three different inhibitors.  Each reaction runs to completion; fitting data to 
models of inhibition for a single-substrate enzyme allowed the determination of mechanism (Table 3), 
which for the Lys304→Ala enzyme agrees with that for the NAIR-ligated wild-type enzyme (steady 
state Ordered). 
Substrate specificity and inhibition by dicarboxylic acids— In searching for competitive 
inhibitors of L-aspartate, data were compiled that indicated significant differences in NAIR-ligated, 
Lys304→Ala, and E. coli SAICAR synthetases (Table 3).  The human enzyme discriminates against L-
alanosine (12–15-fold higher Km than that of L-aspartate), whereas the E. coli synthetase uses L-
aspartate and L-alanosine with equal facility.  L-Cysteine sulfinic acid is a substrate, but exhibits 
substrate inhibition for only the NAIR-ligated wild-type human enzyme.  Fumarate did not inhibit the 
three enzymes.  Maleate and succinate are competitive inhibitors with respect to L-aspartate for the E. 
coli and Lys304→Ala enzymes, but non-competitive inhibitors of the NAIR-ligated wild-type human 
enzyme.  Non-competitive mechanisms are not due to the chelation of Mg2+ at high concentrations of 
ligand, as the mechanism remains competitive for the E. coli enzyme at comparable concentrations.  
L-Malate is a competitive inhibitor with respect to L-aspartate for all three systems. 
Discussion 
The study here is the first determination of a kinetic mechanism for a SAICAR synthetase 
from a vertebrate.  The mechanism, steady-state Ordered, differs from that of E. coli SAICAR 
synthetase (rapid equilibrium Random).  Enzymes from different organisms that catalyze identical 
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chemical mechanisms can have different kinetic mechanisms.  Adenylosuccinate synthetases from 
human placenta and E. coli have rapid equilibrium Random mechanisms, whereas the mechanism of 
that from Plasmodia falciparum is Ordered (32-34).  Other examples include adenine 
phosphoribosyltransferases from Leishmania donovoni and Giardia lamblia, the former having an 
Ordered kinetic mechanism and the latter Random (35, 36). 
Ordered and Random kinetic mechanisms, in fact, fit nicely with the observed structures of E. 
coli SAICAR synthetase and human AIR carboxylase/SAICAR synthetase (23, 37).  ADP and 
CAIR•ADP complexes of the E. coli enzyme are well ordered, with only a small region of disorder in 
the ADP complex associated with an element (residues 34–38) thought to be critical in the 
recognition of L-aspartate (38).  A rapid equilibrium Random mechanism does not exclude the 
possibility of a preferred pathway for the binding of substrates, and recent evidence from directed 
mutations of the active site suggest a dependence of L-aspartate association on the presence of CAIR, 
and perhaps even ATP (38).  The human enzyme, however, in the absence of substrates or substrate 
analogs has much disorder in the SAICAR synthetase active site (23).  Residues corresponding to 34–
56 and 199–220 of the E. coli enzyme are without electron density in the human bifunctional enzyme.  
Many of residues 199–220 interact with CAIR, hence the SAICAR synthetase active site of the 
bifunctional human enzyme may require bound CAIR to induce order.  The binding of ATP may be 
an essential second step, because it may cause the formation of a carbonyl phosphate of CAIR as 
evident by the ordering of residues 34-38 when ADP and formate (perhaps analogous to the complex 
of ADP and the carbonyl phosphate of CAIR) are in the active site.  For the human enzyme, the 
carbonyl phosphate intermediate may be a prerequisite for the binding of L-aspartate.  Indeed, L-
aspartate is present in crystallization conditions in the CAIR•ADP complex of the E. coli enzyme, but 
not bound to the active site (37), and crystallization of a CAIR•ADP•maleate complex reveals 
maleate in a binding mode representative of a non-productively bound L-aspartate molecule (38).  
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Hence, even for the E. coli enzyme, which has the Random mechanism, L-aspartate may bind in the 
majority of turnovers only after the phosphorylation of CAIR. 
As the kinetic mechanism of SAICAR synthetase reaction catalyzed by the human 
bifunctional enzyme is steady state, the Michaelis constants (Ka, Kb, and Kc) listed in Table I are not 
constants of dissociation for the appropriate substrate from the fully ligated enzyme complex.  As 
indicated in Table I, Ka, Kb, and Kc depend on elementary rate constants for the association of 
substrates, and the release of products.  One cannot simply ascribe a change in a Michaelis constant to 
an equilibrium-binding phenomenon as would be the case for a rapid equilibrium kinetic mechanism.  
The 10-fold increase in Ka (the Michaelis constant for CAIR) could arise from a complex variation in 
rate constants k1, k7, k9, and k11 (Scheme I defines these elementary rate constant); but k7, k9, and k11 
also appear in the definitions of kcat, Kb and Kc.  Hence, if k7, k9, and/or k11 change, then kcat, Ka, Kb and 
Kc all are likely to change.  A 10-fold change in Ka (Table 1) with no significant change in Kb or Kc 
then is due likely to a change in k1, the “on” rate for CAIR.  Hence, the 10-fold increase in Ka for the 
NAIR-ligated AIR carboxylase/SAICAR synthetase relative to that of the Lys304→Ala enzyme 
strongly infers a 10-fold increase in k1 of the NAIR-ligated system relative to that of the Lys304→Ala 
system.  Hence, the SAICAR synthetase active site can sense the status of the AIR carboxylase active 
site.  Differences in the kinetics of the two forms of the human enzyme studied here also extend to the 
recognition of dicarboxylic acid analogs of L-aspartate (Table 3): maleate is a competitive inhibitor 
with respect to L-aspartate in the Lys304→Ala mutant, but a non-competitive inhibitor of the NAIR-
ligated wild-type enzyme.  Cysteine sulfinate is a substrate for both human forms, but only the NAIR-
ligated wild-type enzyme exhibits substrate inhibition. 
Steric and dynamic factors can account for the linkage between the AIR carboxylase and 
SAICAR synthetase active sites.  As the recent crystal structure of the human enzyme maps the NAIR 
and CAIR binding pockets to distinct sites, NAIR cannot directly impede the flow of CAIR to the 
SAICAR synthetase pocket.  The AIR carboxylase/SAICAR synthetase octamer, however, has a set 
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of channels that interconnect active sites (23).  These channels could actively or passively facilitate 
the flow of CAIR to the SAICAR synthetase pocket.  Electrostatic charges in the tunnel may promote 
unidirectional migration of CAIR (23).  Ligation of the AIR carboxylase pocket by NAIR could 
freeze dynamic mechanisms that transport CAIR, or cause long-range conformational changes that 
sterically impede the flow of CAIR to the SAICAR synthetase pocket. 
The change in the Michaelis constant for CAIR at the SAICAR synthetase pocket may be a 
metering mechanism by which the bifunctional enzyme outputs a steady flow of SAICAR even if 
concentrations of AIR and carbon dioxide undergo fluctuations.  This could be important if any of the 
metabolites downstream of CAIR are toxic at high concentrations or if the accumulation of upstream 
metabolites participates in a regulatory function.  If concentrations of AIR and CO2 are sufficiently 
high, then in principle AIR carboxylase activity can overwhelm SAICAR synthetase activity leading 
to the accumulation of CAIR.  The AIR carboxylase activity of the bifunctional chicken enzyme is 
10-fold higher than its SAICAR synthetase activity when CAIR is removed from solution by 
exogenous E. coli SAICAR synthetase (8).  Moreover, AIR carboxylase catalyzes its reverse reaction 
4-fold faster than its forward reaction.  Under circumstances of high concentrations of AIR and CO2, 
CAIR may accumulate in voids (channels) of the enzyme, and saturate the AIR carboxylase pocket, a 
condition perhaps mimicking the NAIR-ligated system.  If flux through AIR carboxylase falls below 
that of SAICAR synthetase, then sequestered CAIR will support undiminished production of 
SAICAR.  As local concentrations of CAIR fall, the association rate for CAIR (k1 in the SAICAR 
synthetase reaction) increases and the Km for CAIR falls.  Consequently, the concentration of CAIR 
remains above its Michaelis constant allowing the enzyme to operate at full velocity over a 10-fold 
decline in the local concentration of CAIR.  The steady-state Ordered mechanism may have evolved 
from a rapid equilibrium Random mechanism as a way to maintain even flux through the de novo 
pathway for purine nucleotide biosynthesis. 
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Table 1.  Steady state Ordered Sequential model for human SAICAR synthetase.  The symbol E 
represents polyhistidyl-tagged SAICAR synthetase in the presence of 10 μM NAIR, and substrates A, 
B and C represent CAIR, ATP and ASP, respectively.  Indicated parenthetically are the data used in 
determining the fitted value for a parameter.  The weighted mean is Σ(1/σj)2Pj/Σ(1/σj)2, where the 
summations run over independent determinations of a specific parameter Pj and its standard 
deviation σj.  Values for kcat are in s−1, and all other parameters in μM.  E0 is the total enzyme 
concentration in all of its forms.  All calculations employed six-digit values, the final entry being 
rounded to its first significant digit.  Values in parenthesis are for the Lys304→Ala enzyme determined 
at saturating concentrations of CAIR. 
 
Parameter Fitted values and weighted mean 
kcat = k7k9k11/(k7k9+k7k11+k9k11) 
3.6 ± .1 (Figure 1a) 
3.5 ± 2 (Figure 1b) 
3.6 ± 0.3 (Figure 1c) 
3.6 ± 0.8 (mean) 
(3.3 ± 0.3) 
Ka = k7k9k11/[k1(k7k9+k7k11+k9k11)] 
 
8.6 ± 0.7 (Figure 1a) 
11 ± 2 (Figure 1b) 
9.8 ± 1.4 (mean) 
(<1) 
Kb = k7k9k11/[k3(k7k9+k7k11+k9k11)] 
23 ± 3 (Figure 1a) 
24 ± 3 (Figure 1c) 
24 ± 3 (mean) 
(33.9±2.6) 
Kc = k9k11(k6+k7)/[k5(k7k9+k7k11+k9k11)] 
434 ± 50 (Figure 1b) 
620 ± 90 (Figure 1c) 
527 ± 70 (mean) 
(502 ± 42) 
Kia = k2/k1 4 ± 1 (Figure 1a) 
Kib = k4/k3 29 ± 5 (Figure 1b) 
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Varied substrate Inhibitor 
CAIRa ATP L-Aspartate 
AICAR Competitive 
0.37±0.05/0.12±0.06 
Non-competitive 
4.6±0.3/1.6±0.7 
Non-competitive 
5.6±0.4/2.16±0.09 
AMP Uncompetitive 
7.6±0.2/8.8±7 
Competitive 
2.3±0.1/6.9±0.6 
Non-competitive 
10.6±0.6/9.2±0.4 
L-Malate Uncompetitive 
108±5/ –  
Uncompetitive 
77±3/ –  
Competitive 
16.8±0.7/ –  
Maleate Uncompetitive 
 – /4.3±0.9 
Uncompetitive 
 – /9.4±0.3 
Competitive 
 – /2.2±0.1 
 
Table 2.  Inhibition mechanisms of NAIR-ligated wild-type and Lys304→Ala AIR 
carboxylase/SAICAR synthetases.  Dissociation constants are apparent (dependent upon fixed 
concentrations of substrates at which they were determined).  Values for dissociation constants (in 
mM) are paired, the first corresponding to inhibition of the NAIR-ligated wild-type enzyme and the 
second to the Lys304→Ala enzyme.  Models of inhibition define parameters Ki, the constant of 
dissociation for the inhibitor from the enzyme•inhibitor complex, and Kis the dissociation of the 
inhibitor from the enzyme•substrate•inhibtior complex.  Competitive inhibition uses only Ki, 
uncompetitive inhibition only Kis, and non-competitive inhibition both Ki and Kis with Ki=Kis. 
 
 
___________________ 
aFor the Lys304→Ala enzyme, the data from experiments which systematically varied CAIR provided a 
value for Ka, the Michaelis constant for CAIR, of 0.670±0.03 µM, substantially lower than Ka for the 
NAIR-ligated wild-type enzyme reported in Table 1. 
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Enzyme source 
Substrate/Inhibitor Human recombinant, 
NAIR-ligated  
Human recombinant 
Lys304→Ala 
E. coli recombinant 
L-Aspartatea Km=0.5±0.1 
kcat=3.3±0.7 
Km=0.67±0.05 
kcat=3.4±0.1 
Km=0.77±0.08 
kcat=6.2±0.2 
L-Alanosinea Km=15±2 
kcat=3.0±0.6 
Km=5.5±0.5 
kcat=3.3±0.1 
Km=0.83±0.05 
kcat=6.0 ± 0.7 
L-Cysteine sulfinatea Km=50±20 
kcat=3±1 
Kss=40±20b
Km=40±4 
kcat=3.4±0.1 
Km=5.6±0.3 
kcat=6.0 ± 0.1 
L-Malatec Ki=16.8±0.7 Ki=12.7±0.9 Ki=20±1 
Maleatec Ki=3.5±0.4, 
Kis=10±3d
Ki=2.2±0.1 Ki=1.6±0.3 
Succinatec Ki=68±8, 
Kis=260±40d
Ki=44±2 Ki=64±5 
 
Table 3.  Kinetic parameters for analogs of L-aspartate in SAICAR synthetase reactions.  Assays 
employs saturating concentrations (5xKm) of CAIR and ATP, in 50 mM Taps, pH 8.0, 10 mM MgCl2, 
and 1 mM dithiothreitol (DTT) at a temperature of 37º C.  Michaelis and inhibition parameters have 
units of mM, and kcat is in units of s–1. 
 
________________ 
 
aData are fit to a Michaelis-Menten equation using Grafit (27). 
bKm, Kss, and kcat come from a model of substrate inhibition in which the binding of a second substrate 
molecule (governed by the parameter Kss) to the enzyme-substrate complex prevents catalysis. 
cData are fit to a model of competitive inhibition with respect to L-aspartate using Dynafit (28) in 
which Ki governs the dissociation of inhibition from the enzyme•CAIR•ATP•inhibitor complex. 
bData are fit to a model of noncompetitive inhibition with respect to L-aspartate using Dynafit (28) in 
which Ki governs the dissociation of inhibition from the enzyme•CAIR•ATP•inhibitor complex and Kis 
governs the dissociation of inhibitor from the enzyme•CAIR•ATP•L-aspartate•inhibitor complex. 
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Figure 1.  Reciprocal velocity versus reciprocal substrate concentration.  Solid lines are Equations 
3, 4 and 5 for panels A, B and C, respectively, using the parameters of Table 1.  (A) Concentrations 
of CAIR vary from 3–16 μM, and those of ATP are (■) 20, (Δ) 40, (♦) 65, and (□) 160 μM.  (B) 
Concentrations of ATP vary from 15–75 μM, and those of L-aspartate are (■) 200, (Δ) 350, (♦) 500, 
(□) 750, and (▲) 1200 μM.  (C) Concentrations of CAIR vary from 3–24 μM, and those of L-
aspartate are (■)200, (Δ) 400, (♦) 800, and (□) 1200 μM. 
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Figure 2.  Response of NAIR-ligated wild-type AIR carboxylase/SAICAR synthetase to inhibitors.  
Lines come from fits of data to competitive, uncompetitive and non-competitive models of inhibition 
of a single-substrate enzyme as described in the text.  Fixed substrate concentrations are: ATP and L-
aspartate at 200μM and 3mM, respectively, for panels A, D, and G, CAIR and L-aspartate at 32μM 
and 3mM, respectively, for panels B, E and H, and CAIR and ATP at 35 μM and 200μM, respectively, 
for panels C, F, and I.  (A) Concentrations of CAIR vary from 4–30μM, and those of AICAR are (▲) 
0, (□) 0.5, (♦) 1, (Δ) 1.5, (■) 3.5 mM.  (B) Concentrations of ATP vary from 20–200μM, and those of 
AICAR are (□) 0, (♦) 1, (Δ) 4, and (■) 8mM.  (C) Concentrations of L-aspartate vary from 0.2–2.4 
mM, and those of AICAR are (□) 0, (♦) 2, (Δ) 4, and (■) 6.5 mM.  (D) Concentrations of CAIR vary 
from 4–20 μM, and those of AMP are (▲) 0, (□) 5, (♦) 10, (Δ) 15, (■) 20 mM.  (E) Concentrations of 
ATP vary from 20–200 μM, those of AMP are (□) 0, (♦) 5, (Δ) 10, and (■) 10 mM.  (F) 
Concentrations of L-aspartate vary from 0.2–2.4 mM, and those of AMP are (▲) 0, (□) 2.5, (♦) 5, (Δ) 
7.5, and (■) 15 mM.  (G) Concentrations of CAIR vary from 6–40 μM, and those of L-malate are (□) 
0, (▲) 25, (◊) 50, and (■) 100mM.  (H) Concentrations of ATP vary from 20–120 μM, and those of L-
malate are (▲) 0, (□) 25, (♦) 50, (Δ) 75, and (■) 100 mM.  (I) Concentrations of L-aspartate vary 
from 0.4–3.2 mM, and those of L-malate are (▲) 0, (□) 25, (♦) 50, (Δ) 75, and (■) 100 mM. 
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Figure 3.  Response of Lys304→Ala AIR carboxylase/SAICAR synthetase to inhibitors.  Lines come 
from fits of data to competitive, uncompetitive and non-competitive models of inhibition of a single-
substrate enzyme as described in the text.  Fixed substrate concentrations are: ATP and L-aspartate 
at 200μM and 2.5mM, respectively, for panels A, D, and G, CAIR and L-aspartate at 15μM and 3mM, 
respectively, for panels B, E and H, and CAIR and ATP at 18μM and 200μM, respectively, for panels 
C, F, and I.  Panels A, D and G are plots of product formation vs. time, whereas panels B, C, E, F, H, 
and I are plots of reciprocal velocity vs. reciprocal substrate concentration.  (A) Concentration of 
CAIR is 13.3 μM, and those of AICAR are (■) 0, (Δ) 0.5, (♦) 1.5, and (□) 2 mM.  (B) Concentrations 
of ATP vary from 10–85 μM, and those of AICAR are (▲) 0, (□) 0.5, (♦) 1, (Δ) 1.5, and (■) 2.5 mM.  
(C) Concentrations of L-aspartate vary from 0.2–1.6 mM, and those of AICAR are (▲) 0, (□) 0.5, (♦) 
1, (Δ) 1.5, and (■) 2 mM.  (D) Concentration of CAIR is 36 μM, and those of AMP are (■) 0, (Δ) 3.75, 
(♦) 7.5, (□) 11.25, and (▲) 15 mM.  (E) Concentrations of ATP vary from 30–240 μM, and those of 
AMP are (■) 0, (Δ) 5, (♦) 10, and (□) 20 mM.  (F) Concentrations of L-aspartate vary from 0.4–3.2 
mM, and those of AMP are (▲) 0, (□) 3.75, (♦) 7.5, (Δ) 11.25, and (■) 18 mM  (G) Concentration of 
CAIR is 11 μM and those of maleate are (■) 0, (Δ) 1, (♦) 2, (□) 4, and (▲) 8 mM.  (H) Concentrations 
of ATP vary from 10–80 μM, and those of maleate are (▲) 0, (□) 1, (♦) 2, (Δ) 4, and (■) 8 mM.  (I) 
Concentrations of L-aspartate vary from 0.2–1.2 mM, and those of maleate are (▲) 0, (□) 0.9, (♦) 
1.8, (Δ) 3.6, and (■) 7.2 mM. 
 124
Chapter VI. General Conclusions 
 
While many of the enzymes involved in DNPS have been studied in detail, no one prior to 
this work had investigated the kinetic mechanism or structure of either the E. coli or human SAICAR 
synthetases.  Investigations presented here attempt to add missing pieces of information critical to our 
understanding of function. 
Data in Chapter II are consistent with a rapid equilibrium Random mechanism for E.coli 
SAICAR synthetase with sequential addition of substrates, paralleling the kinetic mechanism of a 
more heavily studied enzyme, adenylosuccinate synthetase.  Though the mechanisms are the same, 
differences are noted.  E. coli SAICAR synthetase shows large antagonism between the binding of 
CAIR and ATP marked by values of the Segel coefficients that are much greater than unity.  
Conversely, adenylosuccinate synthetase shows synergism between the binding of IMP and GTP.  
Further differences are also apparent in magnesium requirements; SAICAR synthetase requires more 
than 3 magnesium ions while adenylosuccinate synthetase only one. 
Chapter III presents the structure of E. coli SAICAR synthetase, a rod shaped homodimer 
containing two spatially separated active sites.  Based upon superpositions of Cα atoms of the 
structures for tSS and eSS, we suggest that CAIR plays the major role in organization of the active 
site.  Residues 198–220 (E. coli numbering) are looped out into solution in the tmSS structure in the 
absence of bound ligands and are folded in a well-ordered conformation when CAIR is present in the 
E. coli enzyme.  Differences also exist between the eSS•ADP and eSS•ADP•CAIR structures of the 
E. coli synthetase.  Asp36 of the 30s loop (residues 34–38) hydrogen bonds with water molecules 
coordinated in turn to magnesium ions interacting directly with the 4-carboxyl group of CAIR.  That 
same loop is ordered poorly in the absence of CAIR.  Hence, CAIR stabilizes the conformation of the 
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30s loop, and may play a critical role in the recognition of L-aspartate by its effect on the 
conformation of the 30s loop. 
Results contained in Chapter IV test some of the structural findings associated with substrate-
induced organization of the active site.  Dynamic light scattering experiments reveal drops in the 
radius of gyration and apparent mass of eSS in the presence of CAIR and/or ADP, suggesting a 
transition from a loosely packed protein to a more tightly packed ligated state.  The largest changes in 
radius of gyration are seen when ADP and CAIR are present at saturating concentrations; this 
difference may be due to the stabilization of hydrogen bonds that interconnect the P-loop, the 30s 
loop, and helix-α5/strand β-13 (residues 198–220).  Mutations to alanine of residues that hydrogen 
bond with CAIR (Arg94, Ser100, Arg199, Arg215, and Asp175) further explore the role of specific 
residues in substrate recognition.  The effects of mutation consistently implicate the binding of CAIR 
in the recognition of L-aspartate.  Mutations that affect the Km of CAIR, also affect the Km of L-
aspartate.  Lastly, we presented the fully ligated structure of eSS with ADP, CAIR and maleate.  
Contrary to expectations, maleate is not a substrate analog, even though it acts as a good competitive 
inhibitor with respect to L-aspartate.  Maleate packs efficiently with two water molecules, occupying 
space that overlaps the presumed binding site of L-aspartate.  If L-aspartate were to overlap exactly 
the position of maleate, its α-amino group would be more than 4 Å from the carbon atom of the 4-
carboxyl group of CAIR.  The structure work confirms observations in Chapter II regarding the 
importance of the α-amino group of L-aspartate for binding, in that analogs without the α-amino 
(succinate) or with a hydroxyl group (L-malate) are very poor inhibitors.  Lastly, the maleate structure 
infers good binding by L-alanosine because its β-nitroso group, which is bulkier than a carboxyl 
group) can hydrogen bond effectively with Lys211. 
Chapter V investigates the kinetic mechanism of the human enzyme under different ligation 
states of the AIR carboxylase pocket.  The kinetic mechanism for the SAICAR synthetase reaction 
with NAIR-ligated and ligand free AIR carboxylase site were identical but different from that of the 
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E. coli enzyme.  Fits of partially ordered and ping pong mechanisms to our data were inferior to a 
Random or steady state Ordered mechanism.  Dead end inhibition studies confirmed the steady state 
Ordered mechanism with binding order CAIR, ATP, and L-aspartate.  A ten-fold difference is evident 
in the Michaelis constant for CAIR in the NAIR-ligated and ligand-free (mutated) systems.  The most 
straightforward explanation for the difference is a ten-fold change in the on rate constant of CAIR for 
the Lys304→Ala enzyme, which can bind no nucleotide at its AIR carboxylase pocket, relative to the 
on rate constant for the NAIR-ligated enzyme.  Hence, the state of ligation of the AIR carboxylase 
pocket influences SAICAR synthetase function.  The observed changes in Km for CAIR would insure 
a constant output of SAICAR from the system even in the face of 10-fold variations in the local 
concentration of CAIR. 
 
Future Work 
While data presented in two of the chapters of this thesis address the kinetic mechanism of 
E.coli and human SAICAR synthetase activities, it does not address the chemical mechanism as 
described in Chapters II and III.  To this end, positional isotope exchange experiments can probe for a 
carbonyl phosphate intermediate of CAIR.  In fact, such experiments are now complete, and 
unambiguously demonstrate a phosphoryl exchange reaction that requires ATP, CAIR, and enzyme.  
Furthermore we have managed to trap two difference phosphorylated intermediates in the active site 
of the E. coli enzyme using CAIR analogs.  A second test of the proposed mechanism stems from the 
reported action of yeast SAICAR synthetase with the substrate analog 4-carboxyimidazole 
ribonucleotide.  Our structures show no residues interacting with the 5-amino group of CAIR, a result 
inconsistent with the proposed role played by a basic residue in the abstraction of a proton from CAIR 
(Chapter II).  Even though our structures show no residues interacting with the 5-amino group of 
CAIR, there are water molecules nearby that could abstract a proton.  Secondly, preliminary kinetic 
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experiments with CIR (CAIR without its 5-amino group) reveal strong substrate inhibition, 
suggesting a fundamental role for the 5-amino group for proper substrate recognition. 
While both the previously mentioned studies are interesting in a mechanistic sense, the future 
goal should be the production of anti-metabolites using E. coli or human SAICAR synthetase.  Since 
CIR is a substrate, it could theoretically produce metabolites that inhibit later steps of purine 
nucleotide biosynthesis.  SAICAR synthetase could couple other alternative substrates for CAIR and 
L-aspartate, resulting in ligands that bind tightly to enzymes of de novo purine nucleotide 
biosynthesis. 
Lastly it would be of interest to crystallize singly or doubly ligated forms of the human 
enzyme to discover the structural basis for the linkage between AIR carboxylase and SAICAR 
synthetase active sites.  Starting with AIR, CO2, ATP, and L-aspartate, does the human enzyme 
maintain steady state CAIR concentrations near zero in the bulk solvent while producing SAICAR at 
a maximal rate?  Furthermore, does the addition of exogenous CAIR during steady state turn over of 
the enzyme slow the consumption of AIR and CO2 as CAIR concentrations decay to steady-state 
levels?  Finally, do mutations that block the tunnels of the human enzyme perturb the kinetic 
mechanism of the SAICAR synthetase reaction or the linkage mechanism between the AIR 
carboxylase and SAICAR synthetase active site? 
 
